324 %4 RIS Vol.32 No.4
2024 4 8 A JOURNAL OF SALT LAKE RESEARCH Aug. 2024

FET A, 2T 0T SEIT A5 R Y B 2R B A KA M BRSRIS s K e W R A 5 S ALBRL D ). $h8IF5T , 2024,32(4) : 52-58.
Cui X M, Li K X,Dong M Z, et al. Adsorption behavior and mechanism of nitrogen-doped carbon nanotube-based adsorbents for boron in brine[J].

Journal of Salt Lake Research,2024,32(4):52-58.
DOI:10.3724/j.yhyj.2024022

TERLI) ZIB AR AN R

R B3R b A Rl

WeFH AT A S HLPE

BAHE B TO O, ERE MR B FR, T A

(1. HFBRFLLIFR, 5 BT
BHAAEE LT, HE BT

810016; 2. Y AA F i FH L MM AT, P AR FR LK R
810008; 3. A H LMK RUFEL LT, HiF BT

810008)

W OESWAKRTMERES, FEHBXAL S, 2B RMAELTR, ATNBHLRSLE S RLWREA
BRI B BT e o BAUHE X ARSBEANR, % 56— M RMA MK E (CNTS) A 2 B R BLHK,
KR B0 — 4R HE A R T N5 22 69 88 20 K % AR I A (N-CNTS) . Sbdl, B B AN A7), 285
J& , TR RARB IR A% # 20.45 mo/g, 45 A AR ARG 4 55 F R IR AR F 09 b4t X 4% N-CNTS A% A 2 9 25 2B I A4
BRAIL A — fHEARE PR EEARH NS EABRESAREENBLEE LA RSB HREBELSANR, MEL
WA SRS RB M F R AR o) A PR, B SR E £ BT ER T R BEF 0GR R, HR
WA RS F 75 R B K 4G B A B ik 18.92 +1 mg/g, i H A ¥ B K BRI AT A F 6 B R

IR 2R UK R ik BRACKE B R ARG
thE 4y 25 . TQ424.TD983 XHkFRERD A

2 H AR A — B RARFEAE R IR, TE KA R
r LB R sl B R e ) T A A AR W P ok A ]
HAFAE A 6], 78 25 mmol/L LA R B liE i,
A FETEIE R =5 B(OH), M B (OH),, 24 vk
K F 25 mmol/L B 8 (%) 77 76 % X %2 B(OH),.
B (OH), i B i iz £k (B,O, (OH),” . B,O, (OH), .
B,O;(OH)/ .B,0,(OH) %) , i T HAAE L X & 42
Z R, DR B 1 2 BT — e Bk AR o A
WA R F Tl Ak 43 B AE2: K VR an SR ik
i Sl AR, B AR TIRHK T, &
Xof f B it A 3, 1 B DA 2H SV SR R ARV AR I
W 2.4 mg/L®, AEER AL AT, AR R
FEAn I A R A S BUE S B G . R, Bl
(14 43 B R IO T IR CRAP R BT IR A A L 2

LR W BT R S R, R AR AR B W BT AR
G P E A TR A A AR T R X R I K
TS R R B A B i A TRAE RO, R
e Tl RRVR Ak T 45 SRl B 22 A0 OGS A RH Y . Horp

Y E B #7:2023-04-15; & @ B #8:2023-05-06

N E 42 :1008-858X (2024 )04-0052-07

B K HeAk & e dE B A AL TR, 2017, 24
HI & O 4t 300, H A 08 ey r & oy 2
H R , 20 5 SRS 2 i 09 374 LA —SERTR T
b S AR IR TR SRS R 2R T R AR T
B 7K H R AR L E L

H AR 53 B IR0 7 A7 A2 DTvE I ARG |
g5 ik TR WA S X T IR S A LRI
JE P g BRI T A SN G
A ANE AN Tk BV 5 i e i, AT 268 R
TR A o o T TR A28 ST flT Dy W o 5 A 288 32
SO R TCHURA HLPE RS, b JE AL B 55 = 22
4 MgO, CaO. B 2k % . AI/Mg-LDHs. Li/Al-LDHs
Ni(OH), N-GOs %% 4 HLI Bl 77 3= 2 LU HH e
R BE AR s A IRe SR, DL oy (4F
Az B AL RY) JLRYAE) &R A UELE AR
I B L ZER L B AURESE R AR R R Rk e
rh T LI B ) 5 W B v A L TR
JSCAS AR B B o A BT R ) 1 R S 255 o A TE ML

E LT : #4715 H (2019-2)-7044) ; 54 < BATEA - s QU A A A 11K
TEE RN A FAME(1980-) , &, 1+, B Z4% , T8N R LRk A4k TR 98 TAE, Email: cuixiangmeil208@163.com,
BEMEE PR (1992-), B 1+ WA, E2 N FERWI B IR L5 & RS T/E. Email : luoql@isl.ac.cn.



o 43]

BET AT < S ) A 2 e AN A A R 50 b 7K Hh i A I AT A S AL 53

BEFIE SA S AR T AR AR ARG R PEAT
BT B0, W B 2 A A 2 T PR 2 W R A AT R A
2, LA R W B 500 76 55 pH (2 ~ 14) 3 B P4 25 BE Y TF
(PHozc>0) |, VIR B 550 118 W% o 255 o Wl £ 4 A AR 3 1 7K
o LR X B AT ICHLEF R A A S R R SR TR
P 50 0 L 2R T B A — E 9 K AR, REAS A R v W
WAt . BRACKAEAE N — gk b ), B F i,
NI LSRG 3E ORI R 8 T8 £y
25 IR S B R DA R iR I S5 o 2 B AR SRR R L 7R )
B Rl AT B PR o DRI SR PR R A A sk
0 ORAE R SFUBT H B BAR) LAT ERE , RN
BA B s R e, S T T
Y2z SR AE GBI HLHA RAF 0K,
IR AR 22 W B 00 4 AR R A 3 AR 71

AR SCHGE T — BT L 15 B BRI A B — R 1B
FRBRAKAE (N-CNTs) , i i N I HL g o, 7 i A
JHT W5 N-GOJE 14 & W , LA 58 R 443 i o 741
M EM R 26 A E R, A R T iR 9 v K R i .
FETE R N-CNTs (25 NPk BE , P e R A 3
TR AR b K H R R BRI B o 2 R R I BRI A
% B} 75 F2: 3K 18.92+1 mg/g , 33 i il £ a7 A EL i 50 Wi
W00 X S WA 3 Tl LA EE L

1 SEEGHER Sy
1.1 SEEgikFIF0LEE

S50 3R ) A W 48 K B (CNTs, NC7000, H A Bif
Nanocyl S.A. A ] ) (RN iE (PAN, PANyw-150000» |
T4 e M AE AR A BR A R . & — i (EDA, AR, [
AR R A | I E N (PG, AR, FifEZ
MAEBH R AR A VR (H,BO,, AR, [E 245 fb2%
WA BRA R TCKBREL EE (MgSO,, AR, [E 241k 2%
WAA RN A, &8 (NaCl, AR, B 25 k2250
FRAT] ), LK & ALES (CaCl,, AR, [E 251k 243855 A FR
2], KA E(N2Ha - H20, AR, [E 254k 248570 A BR 2
A, A (KCLL AR, B 254k 2R A R A H D L,
K &M (CHOH, AR, [ iff 2 se bR AE AL B A RS
CIPIRE S vd Y o

W o 551) fr) 2 AiF 2R FH SEM (5600V, JEOL, 2KV) |
XRD (D8 AdvancePANalytical X’ Pert Pro, Cu Ka
radiation) .FT-IR(VERTEX 70, Bruker) 4§ J5 ¥, £ 5
FRMASEAE T AT 2548 S o o T RALE .

1.2 WRBHFIEFI &

P 2 mL KA WA T 50 mL g 2588 oK b R 5
JIA 3 g CNTs, #3100 mL i W & R85 & T
120 °C I J i 12 h, Ff [ B 285 R 2 J 2o g -, 45 51
N BRI K (N-CNTS) o

Y 10 g PAN, %5 F 50 mL A9 N-H 35 itk i Jo fii
JMA 3 g N-CNTs, fig $E 351 5, 51 Uil A 28 1K
L AR E B R R, 15 B & R AY N-CNTs, id A
N-CNTs-PAN, 4k 2 /it A 50 mL £ &5 7 /K #15 mL £
Tz, 60 °C N IM#IR 5 h, £ R 45 o) 5 i vk L 152
O e PE R RLIR N-CNTs

PRI 50 mL #2525 7K A1 5 mL Y 38480 7N
i, 60 °C N i #4Hi%3% 6 h, 19 J i 45 o 3k 0, 45 2
2 J0 W BCPE B8 L X ORE 9 N-CNTSs Bl W% B 51, 30
N-CNTs-PAN-PG. Fr & U an &l 1 P .

Q
Hydracine bydrate

4 ..-.
Glycido! SRR
Ethylencdiamine T

N-ONTs-PAN-PG N-CNTs-PAN
{ Granulated N-CNTs }

1 BRI A i £k K]

Fig. 1 Synthesis of boron adsorbents

1.3 WRBfSCI6

pH {52 M S 55« T il ¥k 2 > 500 mg/L (14 B %
W, A FH HCI AT NaOH 5 ¥ 4370 15 pH{E %22 4 .5..6
7.8.9.10. 4> HIH50 mL 7~ [F] pH {R % 7 18k A s
A 2 g W BRI B SR 2 S A TE R K i R
w1 (25 °C 200 r/min) 4125 24 h, B35 0k B2
25 )5, JH ICP-OES 73 M &+ it 1 V- ik B C (WO BE
L) TR B N 5 Q,, LA Q% pH {EL/E IR T 45 2]
W 571 1) 2 BT il pH {72 bt 2k

5 T T B S 56 - 4 0 ) v B Sk 20,50, 100,
300.500.1 000 mg/L Ay , 53 3% B 50 mL Al
W T4 2 g W BRI 49 50 mL 5.0 48 v, B S A
TE IR K % 3% 2 H (25/35/45 °C . 200 r/min)#i&i% 24 h,
RS T WA B J FH 2R 00T UL A S G B T3 B 454
i AR B C,, TR B 1 Q. , LA QT C A #]
75 1] I 750 £ A A S5 TR K

W B 2 7 2 S0 < 43 i B 6 40 2 g ) Rz o6 551 3]



54

N LD

5324

LA, A 50 mL, 500 mao/L B RR I Wk , 5 15 43
SR 5.30.60.120.,240.,360 480 min, 5.0 5 81 mL
T VE VR RS DU B, LA R 2 A B
QX t 1 &1, 15 2 Rz o 7] £y Wi B 2 1 2 R £k

AR B T A W B S B < B R bR A
TeHLER B F A W, v JOHLER 25 vk B2 2 Y
A5, DAAE A 5 A7 1 7 o W B 7 A B0 R A R
TEREA 2 g BRI A 25 50 i v, 3 3 i AC 50 miL
500 mg/L (& A TCHLER B F IR s, % 3 e &
FHEIR KR35 w5 HH R %5 480 min, B3 W 254 7
Fr AN AT BN BT T A B S

SR B K RS - B 4 4 2R 5 75 TR ER T
B 7K, 436 15y 2 g B BRE SR 81 B0 A8 Y, A 50 mL
i K, 2% 43 B4R % 5.30.60, 120, 240,360 min,
B0 R L mL b RO RS DU A A, DAL 2

O FY W A Q Xof t A9 T, A 281 W RS 5) 149 S5 s il 7K M B
gAMLk

2 &5

RAE

W B 591 B2 i 3K AR B 20 AN i i R 2 fif s o A
3500 cm*Ab F R WU Sk VA PR T SR R B AR R Bl . FE
2 938 cm i 4E b W 2 F) - CH, Al -CH,— Al 7 hr A PR
Al &1 kL7 PAN-PG K N-CNTs-PAN-PG | £t
Pt 1) R RE A L ) L IR 3l o 7 3 425 em ™ &k 4
PR T iR R R A W AT | 3K R I SR 1) 22 T B )
REFE AT R B PR 0% . DR IL, AT H 2 SR AR N B e AL
1) 22 70 B 25 AT B D b 42 A 3] T PAN 385 Rz 1Y) N-CNTs
b DA 2 SRR B B R A B

B H %

LR 1Y%

——PAN-PG
——N-CNTS-PAN

(b)

N-H NH
1656 1568

-N or solvend

500

T T L T T T T T v T v T
4000 3500 3000 2500 2000 1500 1000
W g/em™

i ) e T i T 4 T ¥ T u T ¥
4000 3500 3000 2500 2000 1500 1000

500
W g /em™

2 B B B 2180 53 T
Fig. 2 The FT-IR spectra of precursors and adsorbent

[ 3 & N-CNTs, PAN-PG. N-CNTs-PAN } N-
CNTs-PAN-PG f#) XRD i €], N XRD §i & 7] DU Hi
1E 260 = 26°(002) .33°Fll 44°4b A —HH S A )3 IR T

4(002) N-CNTs
18 000 A PAN-PG
il N-CNTs-PAN
15 000 | A N-CNTs-PAN-PG(Granulated N-CNTs)
120001 A | \
= 9000 ! ’
7 /4 M
60004/ /1 \A | R
v \—ﬁ::‘_._;_-:“—“-— —
30001 /| || e ————
: | dpan o NeNTs Nk o
10 20 30 40 50 60 70 80
20/(7)
B3 R XRD 43 b

Fig.3 The XRD analysis of adsorbents
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Fig. 4 The appearance and SEM of adsorbent
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Fig. 6 The Effect of initial concentration on boron adsorption
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Table 1 The performance comparison between this study
and the adsorbents reported in the literatures®

75 Wz o 5] fic {A& Q/(mg-g™) T/min  3Cilik
1 Amberlit IRA743 NMDG 5.41 60 (18]
2 CL-MCM-41  Pyrocatechol ~ 19.45 30 1l
3 MCM-41-NMDG NMDG 8.648 30 (0]
4 D564-MG NMDG 12.43 100 &
5 UVM-7-Glu Glucose 19.99 — @&
6 SBA-15-Tris Tris 15.28 gy &
7 PAN-PEI-GLC Glucose 20.91 120 ¢
8 N-GO -OH 58.70 900 ¢
9  Granulated N-CNTs -OH 20.45 60 ASHESE
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Table 2 Fitting data of isotherm parameters for the boron
uptake of the adsorbent
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boron solutionforboron adsorption

PUF HY L 30 min Ay I B3 3 AT PR, 78 B3 52 BT 551 2% 2]
MR B 5 0 F) 80% L L, W B 51 75 60 miin P R AR 1k 5]
TR B A, AU R AR 9 19.2 mgig. AT
TR T A W B AL, T O — B D — B 3l g 2
TRUAGALL I 23 BT 52 T 550 F 82 o o A, 405 58l L 5% 3.
S5 R RO , e B 5R) b W AT S A S O 2
Bl AR X T 0 W R ) 22 T E/-OH 2Z 18] Y
e 2 A, SRR S T B E R A R — B )
BF Ry 2 T 5 2R (181 8) R B, B A T i T v L i
I 0 X D Sy R 78 ek ARG T DAL 3 R P o A
FEAFIAY AR IR T SEA A T R R
R3 WK A S
Table 3 Kinetic parameters for boron adsorption.
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Fig. 8 Comparison of adsorption properties at different
temperatures
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Fig. 9 Effect of the ions in the salt lake on boron
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Fig. 10 Recycling performance of adsorbents
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Fig. 11 Adsorption kinetics experiment of adsorbent in
East Taigener salt lake brine
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Table 4 Composition of East Taigener salt lake brines g-L™

BFRZ Nat K' Ca® Mg” LIt CI SO B
AT JRENS 79.3019.81 0.191 34.55 0.993 185.5372.348 1.325
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Table 5 Kinetic parameters for boron adsorption.
Ph— A S P IR S
Q/(mg-g) k R Q. /(mg-g) k, R
17.34 0.078 9 0.988 18.87 0.103 6 0.991
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Adsorption Behavior and Mechanism of Nitrogen-doped Carbon
Nanotube-based Adsorbents for Boron in Brine

CUI Xiangmei', LI Kexin*?, DONG Mingzhe**, PAN Tongtong*, LI Xuri',
YE Xiushen**, LUO Qinglong®*
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Abstract: Boron of salt lake brine is rich in resources and exists with complex and diverse forms, so it is of
great significance to separate and recover boron.N doping can effectively improve the separation mecha-
nism of boron anions by the synergistic effect of strong electrostatic and polyhydroxy groups on the surface
of the material. N-doped carbon nanotube boron adsorption materials (N-CNTs) were synthesized by a
simple one-pot hydrothermal method using hydrazine hydrate as N source and one-dimensional carbon
nanotubes (CNTs) as polyhydroxyl groups.In addition, using modified polyacrylonitrile as granulator. The
maximum boron adsorption capacity is 20.45 mg/g, especially in the separation of low concentration bo-
ron, which makes N-CNTs the best adsorption material for boron. The adsorption mechanism is that polyhy-
droxyl groups and N-doped sites on the high specific surface area of one-dimensional carbon nanotubes and
modified polyacrylonitrile are enhanced by strong electrostatic coordination adsorption. The process of bo-
ron adsorption accords with Langmuir adsorption isothermal model and Second-order kinetic model, which
shows excellent selective boron adsorption performance in high concentration salt multi-ion solution. The
adsorption capacity of boron in East Taigener salt lake brine is 18.92 +1 mg/g. The simple technology has
high application potential in salt lake brine and water treatment industry.

Key words: Salt lake brine; Adsorption; Carbon nanotubes; Boron; Polyacrylonitrile



