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Synthesis of NaP Zeolite Doped with Titanium and Its Adsorption Performance
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Abstract: A NaP zeolite doped with titanium (Ti-NaP) was prepared by a hydrothermal method and a complexation method using
sodium silicate and sodium meta-aluminate from coal fly ash by grading extraction as raw materials based on a scientific concept of
“sewage purification by solid waste”. The crystal phase, morphology, and existed state of elements in NaP zeolites before and after
doping titanium were characterized by X-ray diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy and solid
magic angle spinning nuclear magnetic resonance of silicon and aluminum. The adsorption performance of Ti-NaP was also evaluated.
The experimental results show that when n(Al,03):n(TBOT)=6:1, the crystallinity of Ti-NaP reaches 98.2%, and the existed state of
titanium in NaP zeolite mainly includes the isomorphous substitution with silicon atom in the skeleton and the balance of skeletal
negative charge. The specific surface area of Ti-NaP is 123 m%/g, which is approximately 3.6 times greater than that of NaP zeolite
un-doped with titanium (27 m%g). The test results of Zn(II) adsorption show that the removal rate of Zn(II) of Ti-NaP is 97.71%.
Moreover, Ti-NaP still remains a good adsorption stability after 5 cycles of adsorption-regeneration.
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Tl SRR ] 5%, 5 S0% A . BT
KEMBEIRFFELHER, AU G P, 3875 Je 3R 5,
faE NAREER ., Bk, TR K R R S
EEACRI I FTIEE, BT 23R E & R IE I 25 A
S — IO 25 ) 8

R K S A RN SR S AR 2L, e
EAR A 7 TR 50%~80%, AL 2EVESEBUE AT {E N
NI A RS 76 R AR IR . [ o2 DUR
TN R R G #1145 NaYP NaX! NaAP#1 Napt®
S5 T NaP 2Tt /R g4k, A
A gismondite(GIS)FHIMEEH, '8 FIFLIEL R
U (R B P REAE L2 B T ARG SR T
A2 BRI 54T, A 2B N 4A 2 TR e 1 )
B . Rk, Wl {E NaP 4> 1 & st fE A,
WRELhtg, iR s YR, PR R AR, K
DZ ST R FA

B R -5 T AE V5 K A 35 S A 7y 2 2 AT HL
A E LR ARR AR, AR B E A
B BGEA G AL RS . R AR B IR BN AL
B P, AR R, (HE 5, S
RO ZE s M0 R B B K G B & )8 B 3%
FIN, G RIUE, ARTHIBRE ST
Zadh, ik, BHERIESA, REREFIB
RIS BRI .. AL EAE K 5K i,
WHEHOKMRCON Ti RERB 4% NaP 7 I8 221
i J BT

AR TAEEBUERIR T FaONERIR, DO IR 7 2R Ak
P B I RERR BN S BRI N R RE, SR KA RS
BAVERIA K Ti B0 NaP 21, 8 KE
W Zn(ID) PR B FL P REVPANY, N IEMA R 30
IR G IR AL 2 2 10 At o

|
1.1 R

MR ORI, DURE 5 HCN
51.44% SiO,, 30.91% ALOs, 6.76% Fe,03, 3.54%
Ca0, 1.00% MgO, 0.80% K,0, 0.54% Na,O, 0.16%
MnO,, 0.22% P,0s, 4.10%%Ek =), A AL
(NaOH), TC/KBR#I(NayCOs), EHFR(HCL, &>
HN 37%), EKIR T BE(CieH3604Ti, TBOT), ¥ CUEF
(C¢H1,0, CyOH), VA B3390 #frat, M1 REKK
A= 237.w| |
1.2 NaP 51 &

IR 3 RAC TR 1By AR AL B Bk ELO 7

JE(<200 H, §HLEARRST N 74 pm) I IEK, &
FEFIKPEE G 5T Nap,COs LR L 1:1 352
RS, 800 CHike 3 h, ekt LL 3 mol/L HCl IHW
M2 DRERRA iR RIZJEIREMH /Y EEA
i FeCly. AICL Al H,SiO; UTiE, B0orB51e 3
H,Si03, JIA 5mol/L NaOH &, 133 Na,SiO; ¥&
W ATTEOLAEEER pH 208 3.8, LBRA4A
FeCly. [Aid 385 IEN CO,, 33 A(OH); It
VE, BEEJEIIA NaOH W, 115 NaAlO, ¥ -
ZIS PR3 B Na,Sios ¥R HHHER Y 10.85 g/L, 12
UM 91.40%; NaAlO, Il R 2 1.30 g/L,
FREUBRN 90.20%!,

NaP 7 Fifi & : K NaySiO; 5 NaOH
REIE, BRI LZ 5 7 R 1) NaAlO, W,
30 ‘CT 200 r/min FHEF 0.5 h, 7E 120 Clafk
8h, MmiLJEF=MAE Ly B 5%, 1580 CT
12 h, #IH NaP 4r ¥, ic’A NaP-Raw. X T Ti
B4 NaP 2 Fiiikit, TBOT 5447 CyOH
REWE], B2 %A, M NaySiO; i,
PN NaOH F1 NaAlO, &, ZALKTEH 0.5 h
K= 3h, HATAREA, 120 Chifl 8h, &0
Ve AT 80 CTHE 12 h, #1745 Ti #5241 NaP 4
Fif, 1cN Ti-NaP.

1.3 FEMRAE

¥ H DS8-VENTURE % X 528 ¥ K fi7 S A%
(X-ray diffractometer, XRD) 7 H1 7= #0400 2B, I3k
%Atk Cu ¥, BFHIE 40kV, B R 30mA, K, 5
2, 20=10°~50°, i HE % 5C)min . XK H
JSM-6510LV 24414 Hi -+ {4 8% (Scanning  electron
microscope, SEM)ZHT=#I5%, TAEHE 20kV.
KM ICPS-7510 Y Wy J& Al & 55 B 1 14 o 1% X
(Inductively  coupled plasma-Atomic  emission
spectrometer, ICP-AES)7;#12¥) ot & & & . K H
Bruker-6200 % Fourier £I 4 4 )% )% 1% {X (Fourier
transform infrared spectrometer, FT-IR) 74T = 41 K5 {iE
W4 , R YE Bl 400~4 000 cm ™ o 5% ] NOVA 2000e
IR A BT P= LA S8, TAb FR 2%
200 C PRI 2 h, WM< 1&°~ N,, Brunner-
Emmet-Teller (BET)BAY 115 LLER AN, B AUE TR
FL%, Barrett-Joyner-Halenda(BJH)# & 11 & FL4% 43
fi. %M ESCALAB-MKII % X Hf£k% 1 AEis
(X-ray photoelectron spectroscopy, XPS)7 =4+
RN, BEKMET, Mg#E( 253.6 eV),
MR 15KV, ThE 250 W, FEHFEAE 23.5eV. K
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F AVANCE III HD 400 MHz 7 [ {4 4% b oI5 i 1
BT P AR T 451, H/X RO R AR Sk
4 mm ZrO, %7, #3E 14 kHz, »Si Kl $EiRpI%R
75.90 MHz, Al L3R4 104.26 MHz. K
Perkin Elmer-4000 7 #4730 A 43 A7 7= ) 34 A5 e 1
(Thermogravimetric , TG #1 Differential thermal
gravity, DTG), FHidiEZE 10 C/min, N, &
100 mL/min, & B 38 Bl & 90~700 C . K H
Shimadzu-A7000 Y K J& JF 1 W WOt 3 A% (Flame
atomic absorption spectroscopy, FAAS) 3 #1W fff f& i
B &R TR
1.4 NaP 7 b e e X

43 A FREL 50 mg NaP-Raw 5 Ti-NaP, Il %2 20 mL
100 mg/L Zn(NO;), i, 25 C2AF T iE47 W B 52
4%, WHAEN 0.25. 0.50. 0.75. 1.00. 1.50. 2.00.
2.50h #13.00h, W EIREDEELIE, 133K
Bt JE ) NaP 73 7o 5 Bidl. EERT Zn(I)HKE
It FAAS &, WBH 2= R 22 A Bt &t =X (1) 5 =0
Q)it5 . WG4 Fifi@at NaCl i A: 25 C
ZMFF, 50 mg WS NaP 4> Fifi Ji A2 20 mL
0.1 mol/L NaCl ¥, 200r/min Rk 2h, HE
WA Zo(ID) ARSI, BEHIWR B S NaP 2359 1) F A2
E5er A SG NaP 40 i al JE 3 A H .

Co=C 100% (1)
0

_ (Co—n(;’t)xV 2)
Horr, RZn(ll)y‘j NaP 7 F i it Zn(D)FI2BRZE; C,
N Zn(NOs), VTR Zn(INWI UG EE (mg/L): C, AR
T3] W% B BF 1) Y098 AR 8 4% Zn (IR B (mg/L)s g N
B AT NaP 2> T x5 Zn(AD MR E, m N

NaP-

Rznqn) =

qe,

=

NaP (81)

-NaP (6:[)

»
Ti-
!
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-/
Ti-
-
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L/
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(a) XRD patterns of Ti-NaP with different n(Al,03):n(TBOT)

NaP 5> FRHOBT s Vo Zn(I)iE A
2 &HRHT®R

2.1 Ti-NaP 4 T & ik

2.1.1 Ti-NaP#FifidatH5IE3  Ti-NaP 410
XRD i1 SEM [0l 1 frios. HE 1a 77 %0, 7=
Y4453 5 kR UEE Fr JICPDS PDF#44-0052 fiT /R &
FEARYIEHVEENE, 1E 20~ 12.4°, 17.6°, 21.5°

28.1°,33.3°, 38.1° K1 46.1° &b % 57 L FL(101), (200)
(112), (301), (312), (411)F1(314) 7 /™ FhTHIAT S,
B4 NaP 4> FImfT i FefiElgE, A /> % NaX o5 F
TRAT SR AR WL, Ti-NaP H5AIE U I A7 [ 41 £ B2 7 1)
fAs, g gEAs /N, BB Ti W] AEHEA NaP 47
e . B S RRE I L, Uil CyOH
TS GER, RIEAESRIUE. SEEA
TEEL 2 S PIE S5 T, 2246 )5 7] 5 CyOH 44,
FIF a4 BEAT -

ANEBIER Ti X NaP 2 F iR . 24
B2 n(ALOs):n(TBOT)=2:1. 4:1. 6:1 5 8:1 I},
KH Jade 5.0 BMAMWEIIE, WER 1 P, WA
n(ALO3):n(TBOT)H N, Ti-NaP &5 4 LHLH TH e
%, 24 n(ALO):n(TBOT)=6:1 I, 45 & B i e,
N 98.2%, 5 NaP-Raw & i (99.0%)JE A AH ], 4k
Seshn, Feynst ENE A BEK. Ti-NaP i i faf
NaP-Raw #HECYIH BTN, 75 NaP 4> F 52
Ti, RANIFELEE S, 2 Ti dbE SR, mTRE
REER 7 BURERIE T P 22 s fer 522 F s 30
P FEER

Kl 1b # SEM A AARIEE T, n(ALOs):
n(TBOT)=6:1 ] Ti-NaP 4> ¥ii {1 JE55 . Ti-NaP fnfii

(b) Low and high magnification SEM photographs

B 1 AF n(ALOs):n(TBOT) & & Ti-NaP 43 XRD 11 n(ALO3):n(TBOT)A 6:1 (] SEM Hi fr

Fig. 1

XRD patterns of Ti-NaP zeolites with different n(Al,05):n(TBOT) and SEM photographs with n(Al,05):n(TBOT) of 6:1
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TR, TSR a8, RAFEHE—, 295 3.26 um,
B KT NaP-Raw b s (2.78 um). fmki R A 2>
VFRLL, WRERAES RS, Ti 7E NaP 71 ifi4h
BTG AR AT, FEFIARASA T 1E 5
[AJEF, Ti-NaP gk By, il A RS,
F1P) CyOH TE & A Az K 2 vk 21— 5 119 23 [ 437 BH
fEmUY,

£ 1 FE n(ALO:):n(TBOT)A K Ti-NaP ¥ FliERES
AR

Table 1 Crystallinity and unit cell volume of Ti-NaP
zeolites with different n(Al,03):n(TBOT)

Ratio Crystallinity/% V/nm’

2:1 89.0 1.0089

4:1 90.1 1.0099

6:1 98.2 1.0096

8:1 95.9 1.0087

Without 99.0 1.0059
n—Mole.

2.1.2 Ti-NaP /% FT-IR  Ti 4% /5 NaP %

Transmittance
z
f<~)

v
g
=

Transmittance

\ Ti-NaP

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™!

(a) Whole FT-IR spectra of NaP-Raw and Ti-NaP

TIRLLAMEE I 2 fis. 544 Ti J5, KRB
Wi, LA SRR SR A . A 463 cm ! Al
692 cm ' Ak (RO IE Sy Bl Al—O T AN 3R S
AT U AN BR Sz A AR s i e ), 7E 561, 751 em™!
1991 em ™" Ab H BRI Wi R - A ERE B Si—O T
AN HIRBIIRICIE . ARHFFR Si—O i iR Sh IR i U
A Si—O [fi A 25 fh 3R S g ), 78 500~1 000 cm™!
PRI SOy NaP 43107 SR IR AE Bk s 1% A7 o
1647 cm ' F13 595 cm ' AL (IR AT IE 73 531 9—OH 25
ih R B AR R s il T Ti-NaP 3k
Ui, Si—O WIS IEEA B A Frikifs . Ti—O #4:(0.179 nm)
KT Si—O £#K:(0.164 nm), FamE AN AT, 4
JRERH RN, SRR RO, WA RS .
Ti £+4 4y, SEEEFECAIIREIEI™, 5 F S AL,
f§ Ti-NaP @ MiZ40% K, 5 Eik XRD 1 SEM 4
Brad Al —3, KW Ti RIHB 2% NaP 2 1.
7£ 1647 cm ' F13 595 cm™' kb—OH W5 fW#%, T RE
ST Ti KA AR F st

Si—O Al— Al—Q
s ‘O/ l A0 Si—O
Si—

1 1 1
1200 1 000 800 600
Wavenumber/cm™!

(b) Local enlarged spectra NaP-Raw and Ti-NaP

2 Ti#BZ&H1J5 NaP 4319 FT-IR B A% AR EOR 1
Fig.2 Whole FT-IR spectra and local enlarged spectra of NaP zeolites before and after Ti-doping

2.1.3  Ti-NaP 4> 7% 2°Si NMR 5 YAl NMR 4347
Kl 3 O Ti 44105 NaP 2> 701 *Si NMR 1 2Al
NMR #&. 1 **Si NMR 7] %1, NaP-Raw 3 4 1
B A5 S, —96P%FI—1022 b 2% 7 8 hb i s A
S Q3 LEHI(SI[3SI, 1AL]), —107PML2ENr kb
=56 Q4 L5MI(Si[4Si, 0Al]), —111PUk2Arfs
AbE 55 1145 5 W A AR SRS I RED AP Q4 4544 ; Ti-NaP
102 F1-107 fb 2408 b (5 5 06 50 FE 351K T
NaP-Raw, B NaP-Raw "R 74k 5 7B,

£ Y AINMR H, 5150207 8% Ab 5 5062 NaP 43
T g S b DU AR AL Al FESLHRIE, 78 02Uk hr

oAb A BT 50, HERR \THAREC ALY AL RIFEHE 22
JRFAFAE, REBIR A NS, Ti 55
Fext Has g, B Ti CAR U R 7 2k
A NaP 7B 42

2.14 Ti-NaP /> 7% XPS  Ti#BZ4H0 )5 NaP 5 1
it XPS W& 4 Fizw o B 4a W41, 1E 458.3 VI
ALV AE I A Ti 2psn,  7E 464.0 eVIPURE R FFAE I 2
Ti2pipe XPS KA R K], Ti-NaP 1 Ti (b &M
WA, YRR BT FEH, Ti MR R AR
MK 4b %Itz XPS LA, BARHIE NaP 431
i Al 2p ARG B RG0S A R R AEARK, 1
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Ti-NaP " Si 2p $FFEUEGRE RIS, WAL (KL & RE
s, £ 0 1s ) XPS , HT Ti JEFHUL Si
J7F, B5 O FETHE, SEUE 530.6eV AL MIKHE

»Si NMR

Intensity

NaP-raw

-60 -80 —-100 -120 -140 -160
Chemical shift

-40 -180

(a) *Si NMR spectra of NaP-Raw and Ti-NaP

REE VAT B AR SS & Rk R 2P0, T HL7E Ti-NaP
53 ¥ Na 1s [f] XPS /1, R U6 o 5 W] iy 55, i
W25 10 Ti AT RGBT S8l O FE A

ZAINMR

Intensity

NaP-raw

140 120 100 80 60 40 20 0 20 —40
Chemical shift

(b) ”’A1 NMR spectra of NaP-Raw and Ti-NaP

B3 Ti BAHTJS NaP 2 79 *Si NMR Al A1 NMR #%
Fig.3 %°Si NMR and *’Al NMR spectra of NaP zeolites before and after Ti-doping

Arbitrary units

466 464 462 460 458 456
Binding energy/eV

(a) Ti 2p XPS spectra of Ti-NaP

Al2p

NaP-Raw
Ti-NaP

£
% 106 104 102 100 98 96| 78 76 74 72 70 68
"_é Na ls 02s
< NaP-Raw
Ti-NaP

1076 1072 1068 1064 540 536 532 528

Binding energy/eV

(b) Si2p, Al 2p, Na Ls and O 2s XPS spectra of NaP-Raw and Ti-NaP

Kl 4 Ti#BA4H0)5 NaP 4010 XPS 1
Fig. 4 XPS spectra of NaP zeolites before and after Ti-doping

2.1.5 Ti-NaP 4> i # e e Ti $B401)E
NaP 7> Fii#hda e a5 fion. ME 5a mJ 4,
NaP-Raw Fl Ti-NaP 7 fift it #2 K858 3 MR B
51 BB EURE A 50~137 °C, M BT =
12K J2 NaP 270 W B 1) BRI B, R E R 4
N 8.89%, X — & NaP-Raw Al Ti-NaP {5 {4 H:
e iREE R, XTRITERE 5b 1, NaP-Raw Fl Ti-NaP
72 115 CHI 121 Chbar A BL 2 A &P 2k g,
NHE HKBLERE; 25 2 BBt NaP 4> F i b 45 &
K5 #0128, NaP-Raw 1 Ti-NaP i & 41 2% [X
W 137~266 C, JUEHKRZFESHN 3.91%F
5.48%; 5 3 MrBJy NaP 4107 45 1 i 3 15 27,
NaP-Raw A Ti-NaP Ji & it & X 38 7 5l K

266~345 C 1 266~363 °C, f£:hfi 1.23%F1 1.19%/5i
EHAZE, HIE DTG Mk, NaP-Raw 1 Ti-NaP
43 A AE 294 “C AT 310 °C &bt BILAH B 1 5 5 452 2K 0
NEBE R 0 s B R Ak Sk T, B 24 AT S NaP
55 F 0 B R R AR FEA A . Ti-NaP B 3255
AT, W34 TS, NaP 4 T ifiga e
YA Tt

2.2 Ti-NaP 7 Fiii s iR A K 5 775

2.2.1 Ti-NaP fafbid s 6 N 120 CANHE ftk
[F ] Ti-NaP 4» 7% XRD i Al Gikiize. ME 6a
AT, S TE Y 2.5 h B, Ti-NaP &b AHZW T
EHEL, LR MR O IREHT B AR A . BEE
e LS TR 4k R E K, 2 AL (A8 3.04 3.5h F14.0h
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B, HILTEHEN] NaP 7> FfiRp e, {H 5% BT B R IEE Ti-NaP &5 BEA B 5K, 4RE e s [a],
59, HWEM KM ms), A /DVF4g, U PEMNGE i B SEAARFEANAS, YL Ti-NaP 2 F %16 B
B Ti-NaP @A KIS TER S Y AL AR 2] 8.0 h, s AL [E] 4 8 he
100 250
98 | T
- g 200
96 i %
£ o 2 150
=1 L >
=R) B
2907 E 100
= 88 =
I NaP-Raw | £
86 | g 50
841 | Ti-NaP | &
32 L L L L L L L L L L L L L L L L L L L L L o h ipbmdupmendlctymeadmpne,
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Temperature/C

(a) TG curves of NaP-Raw and Ti-NaP

Temperature/C

(b) DTG curves of NaP-Raw and Ti-NaP

Bl'5s  TiB2%H0J5 NaP 737 TG 1 DTG #h4k
Fig. 5 TG and DTG curves of NaP zeolites before and after Ti-doping

Ti-NaP 73 F-¥fidn b i ZE an & 6b Fros. Ti B2
S5 NaP 7> T 5o, o didE Kie #)—
SENLIEE . M NaP-Raw 5 Ti-NaP §ifb 25 H,
KEBYE “s” MK A, BAERKEREEZ])]
3AHBEE S AL I bR A KA 1A
KIGH. 76 DY EL “ B S RUZI 7, mroRRE R e
SETERERR IR SR VE i B FE A8 R R AR AR/ EE &

S 8 -~ =
= () = <
e e = ©NaP
\ \ 24.0h
N1 160h]
z \ 8.0 h
§ / QJLM,/WM“,b,f'O_h_
= B.5h
B.0h
. 2.5h
2.0h
1.0h
10 20 30 40 50
26/(°)

(a) XRD patterns of Ti-NaP

Crystallinity/%

AR, XKL TR NaP 43 T i A%, e S
RAERKARBEE 2 NN AT BB TRER, fx
FIAESEREAT, NaP 70T fAZIZHCR, fiiE K
AR IZEAR, 12 DB “PRE AR, &R
BABKHLERMAN NaP 71/ £ NDFTE “4
K7, SEERKRERZH AR, R&E@TEW
AR K.

100

| NaP-Raw * * ol

80

60

40

20

10 15 20
Time/h

25

(b) Crystallization curves of NaP-Raw and Ti-NaP

Bl6 Al 8~ Ti-NaP 437§ XRD #5154k i £

Fig. 6 XRD patterns and crystallization curves of Ti-NaP zeolites for different crystallization time

222 Ti-NaP @ eilEE  TiB4%A0)5 NaP 7> 1
it & E(R RS E)WE 2 Fias. 5 NaP-Raw
B, Ti-NaP 1 Al TR S EJLFARKESRE, H Si
TLR S EA TR, MK T GRS A FTE N,
SRR LL A FTBRMIK, RS Ti B4t NaP 5
T e, RXTEZE Al JCRIE R, WTRED:

T LUK A T A S BB e e JR T I A e R
Ti-NaP H' Na JCR S EIA N, (REREZHIREG
WIS HERAK, FRSHEm. 46
NaP-Raw I Ti-NaP % NH, 22 #efg 1%, RILLLES
TIAAFER Ti HEBRE 50.77%, [F &b RAE
JRF i 49.23%.
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#F2 TiiBZA1E NaP 9 Fif T RAEK
Table 2 Elemental composition of NaP zeolites before and after Ti-doping
w/%
Sample n(SiOy)/n(Al,O3) Isomorphous substitution® Balancing skeletal chargeb
NaZOa 51026 Alega TiOZa
NaP-Raw 23.05% 40.86%  20.88% 2753
Ti-NaP 24.05% 37.56% 20.63% 3.47% 2.560 49.23% 50.77%

w—Mass fraction; a represents the mass fraction in NaP-Raw and Ti-NaP; b represents the mole fraction in NaP-Raw and Ti-NaP.

FE AR A K R e, Ti-NaP 2370 S i A Kod
FHXF NaP-Raw WA & BT BLEHNZE
5, mEAEKEREREG AR Wl 7 B,
Ti-NaP ' Ti 32 DV [F] i BB 22 TR e i
AP B R b A L RO SAFAE . B d AT (]
WK, Ti-NaP 45t BERFEAAL, R Ti Bk
NaP 4T 4238 iR . KA Jade 5.0 B AFXF &
AL AN 2.5, 3.5h A1 4.0 h ] Ti-NaP #E47 5 ik
i, K PLEL NaP-Raw 23 %1540 0.002 8 nm’
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Table 3 Unit cell parameters of NaP zeolites before and
after Ti-doping

Sample amm®  bnm®  ¢/nm® o ' yf
NaP-Raw  1.0004 1.0004 1.0051 90° 90° 90°
Ti-NaP 1.0007 1.0007 1.0082 90° 90° 90°

a, b, ¢ represent the edge length of the crystal cells from NaP zeolite; d, e, f

represent the axial angle of NaP zeolite crystals.
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Fig. 7 Possible crystallization mechanism diagram of Ti-NaP zeolite
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Table 4 Pore textural parameters of NaP zeolites before
and after Ti-doping

Pore BET surface Average pore
Sample - s .
volume/(cm™ g ) area/(m™g ) diameter/nm
NaP-Raw 0.0292 27 5.48
Ti-NaP 0.0818 123 2.71
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0.000

20 40 60 80 100 120 140 160 180
Pore diameter/nm

0

(b) Pore distribution curves of NaP-Raw and Ti-NaP
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Fig. 8 N, adsorption—desorption and pore distribution curves of NaP zeolites before and after Ti-doping
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Fig. 9 Zn(II) adsorption performance of NaP zeolites before and after Ti-doping and the regeneration performance of Ti-NaP
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Table S Comparison of adsorption and regeneration performance for Zn(Il) with different zeolites

Sample Solid-liquid ratio/(g'L™")*  Concentration/(mg-L™")*  Time/h® Removal rate/%" ge(mg-g ™) Recycling/%" Reference
Natural zeolite 10.0 160 5.0 40.69% 13.02 >40.00% [35]
NaY zeolite 2.0 50 2.0 55.13% 441 [36]
NaX zeolite >66.0 500 <90.00% <13.50 [37]
Ti-NaP zeolite 2.5 100 97.71% 39.08 96.73% This work

a represents ratio about the mass of zeolites and the volume of Zn(II) solution; b represents initial concentration of Zn(II) solution; ¢, d, and e represent

adsorption time, removal rate, and the adsorbed amount of Zn(II) when reaching the adsorption equilibrium; f represents the adsorption removal rate after

recycling for five times.
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