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ABSTRACT

industrial development, and the lack of fresh water resources have faced the

human society with the global challenge of water shortage, and it is expected
that between now and 2040, the world's water demand will increase between 20% and
30%. To overcome this problem, different processes have been used to purify water,
and among these processes, membrane separation can be a suitable technology to
meet this challenge due to the high quality of produced water, simplicity of operation,
ability to operate under mild conditions, and low energy consumption. The common
technologies for water treatment like distillation require high energy consumption
and these technologies cannot meet the global demand for fresh water. Among the
different membrane processes, reverse osmosis is an efficient technology to remove
salt ions from brackish water to obtain potable water. In membrane separation
Keywords: methods, the selection of the appropriate material as a membrane is so important
because the physical, chemical, and mechanical properties, and the separation
performance (water flux, selectivity and, salt rejection) of the membrane strongly
depends on the selected material type. Hence, researchers are still interested in the
use of new materials in order to improve membrane performance. MXene nanosheets
(transition metal carbides and nitrides) are a new category of two-dimensional
materials with graphene-like structures that have unique properties, including large
surface area, narrow interlayer spacing, high hydrophilicity and surface functionality,
suitable physical, chemical, and mechanical properties for membrane applications.
MXene compounds are important both as new pure membrane structures and also
as nanomaterials to improve the properties of polymers in membrane processes. To
this end, in the present paper, comprehensive information has been introduced on
MXene compounds, including their synthesis, surface functionality, and membrane
fabrication, with a focus on water treatment technology.

l ife on earth depends on the availability of water. Rapid population growth,
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Fig. 1. Crystal structure of MAX-phase and related MXene [26].
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Fig. 3. preparation steps of Ti,C,T membrane with larger interlayer spacing [59].
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Table 1. Performance of MXene-based membranes in removing organic and inorganic species.

Membrane performance

MXene membrane Rejected species by the membrane o -
(water flux, permeability and rejection)
Ti,C,T, NaCl, BSA 10 L/m?.h.bar
1.1-8.5 L/m*h.bar
Ti,C,T, NaCl, KCI, LiCl, MgCl,, CaCl,
89.5-99.6%
27.8 L/m*.h.bar
PA/MXene NaCl, Na,SO,
99% (Na,SO,)
9 (MgCl) 8 (NaCl), 7.5 (MgSO,),
PEI/MXene MgCl,, NaCl ,Na,SO,, MgSO, 8 (Na,SO,) L/m* h.bar

82% (MgCl.) 50% (NaCl), 40% (MgSO,), 40% (Na,SO,)

CR, Rh B, MO, Na,SO,, MgSO,,

76.5 (pure water), 10.8 (CR),
11.1 (Rh B), 13.2 (MO) 17.4 (Na,S0O,), 20.9 (MgSO,),

MXene-CNT
NaCl MgCl, 23.5 (NaCl) 25.9(MgCl,) L/m’.h.bar
Salt Rejection (Na,SO,) > (MgSO,) > (NaCl) > (MgCl,)
88.8 LMH/bar (MB), 84. (OG), 86.5 (RhB), 75.0 (OF),
RhB, MB, OG, Na, SO, MgSO,,
Ti,C,T -ALO, 99.8%, (RhB),
b NaCl
99.5% (MB), 97.2% (0OG), 87.2% (OF)
) ) Chrysoidine G NR, MB, CV, BB, 71.9 L/m?h.bar
Ti,C,T, graphene oxide
Humic acid, BSA > 99% (dyes), 61% (Na,SO,), 23% (NaCl)
~420 L/m2.h.bar
Ti,C,T -Ag Rh B, MG, BSA
79.9% (Rh B), 92/3% (MG), >99% (BSA)
405 L/m?.h.bar
Ti,C,T, GV, CR, NaCl, MgCl,, Na,SO, 1.80% (GV), 92% (CR), 13.8% (NaCl) 2.3% (MgCl,),

13.2% (Na,SO,)
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Fig. 4. (a) Delaminated Ti,C,T, MXene and (b) Ti,C,T, flexible membrane prepared via vaccum-assisted filtration.
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Table 2. A comparison of the perfprmance of membranes based on nanosheet Mxene with some other nanoparticles.

Membrane Water flux and permeability Rejection (%) Reference
PAN/MXene 48.2-85.4 L/m*h 99.5(NaCl) [92]
PSF/MWNTs 70.7 L/m*h 61.9 (BSA) [93]

PSF/iGO 130 L/m>.h 95 (BSA) [94]
PSF/SiO,-GO 376 L/m>.h 98 (BSA) [95]
PSF/NC 307 L/m.h 97.6 (BSA) [96]
PSF/MXene 306 L/m>.h 98 (BSA) [97]
MXene-based membrane 0.08 L/m?*.h.bar 99 (NaCl), 97 (KCI) [49]
MZXene-based membrane 18.9 L/m*.h.bar 46 (MgCl,), 55 (NaCl) [98]
MXene-based membrane 16.5 L/m*h.bar 100 (Na,SO,) [99]

?W &Y Sddawhpoig & 0 )lasis qauiaby o JUs roaks (5I9)93S5 9 pole (ole dlxo



3315 9 oled dug 1 T Aaduds )3 pansio A3y 3 Slabine

05 S5 b S e DS 5l S s s
SO Sl Gose g a8y s b Sl elsay 1) A
3 S50 sl G s Glamio U galis 5l aes wias 1) O
osbizal ol Jglos 05,35 G35 S 5 I8 50 SI ldlas el I8
Ol i 5 133K Slallas s 1y ali ) Sl &S Wles
OLES onSe slalis 15 Ks S8 55l 0 IS5 s das e LS
Slge b 05 55,5 L Ol oo 1) LaaY Ol Joolsd il oy o3ls
Sd s b oo Il sl gy o alols slosl 5 e
Sdud i G sls 55l 03 S lsand g 5 pdubcslasil 5 S5
Sl sl LY Ole alols J 28 ol s s bl ol 5!
Sl &8 il 5Kl s e Slames o slad
e 0385l Jele 35d g e el > LaLEE ol 5 )8
S5 gamSe salis j5 1) GlaVOle ahols (S slaamin
Sle s cmlis 2058 glalis Gl ) Lol 5 uS e sl
Gl S 5 dter Cowpno] SLS 5 banSs Jl aen o
Conle 3jls Koo Ol ilueslel Gla s, @ sddsll Jule
Vgone Lib 48 ol 0l sl ponn ladimion 56 Cany3]
Slalie (s Ol geas 353 48 Sl Go s sbar Sz lide 3
sl s ao] plad el 5 S gl 5l S
sladsl 55 oy TLC T, (S 51 glaY leds > b Sy
Ly S oty 5 il o 3 T SaSy 25Lo L (s ey
Slae i 3l b ot 55 e dUB 50 e S 5L 5 gLl
BLS al o sbaliz L as balie ol 3sd e sbul 5 Sbe 5 55
FVOL 1y O Hle e iz aslis b alie culis b auS]
o Sl 355 oy L3l OLES ST 1S (sLid 5l
L G 45 A2 0313 s LY Ols 552 50 O slad S50 @
TAM=A T il 63 S bl Cosb e Jal i s Of st gl
LS s eSe LSS s bt (S el
53 kS e sl by e slalis 3 1, Sslize JUS) ol g 4]
S e 5| 5 S 55 ol plad b a0l Ko slalis
Gb syl by I | L Sl e Sl gl
Lt Sl g5 o (S5 sla S 5 (SO UL A b G lls
SN Sl Dl elal oS (el e L 5
e bl LS e wds | Lol 5 Ol | bosls s
W03 Sl s s s 55 5 Sla¥ e 55 e i L ey
2 sblis S sl ) il Sl S sla S0
53 eSS Glis 4l (5 sl 3 S TLC,T, w0l
e a0l oS s o 0L b b (o35 Gl s sl

U5 4 sy bge 0,8 D350 5 TIO, S3EL 58l
s LE e Lol 5 LS Jrand Sl L2 2 1) LS
Ll sLlis JA0] 55 s S gl S e olg 5o
Glp Lot 4 S w0 5 esrol lelr Gl S
Sl oy oo S SSU Sl sliE ilular gl
SLis il s g Mt SSay Lo ) b 05 s 1L
oslaa) Ll oL ;S”J?(’J"M 5 Ses enSo il peddag
Sl Osd gl 53 1 @3U5 ey Siom S 5 esliss
23 eSe wl p slbalis s Slae spg skea [AF] sl 0L
o3lizal ool 55 L 5 e s sl J 56 51l i 5, sllas
O o S wl Gl selS glis ol sl
(ol sl s 4 S Sy Bl s b omeliss
58l ol 1, (00 Y%/ Limhibar) oab Sl 2l Of Sl
QUNL by o sLie 51 psds 5 o diSOlsy o a) (S5 m oltie
5 (SBS1G A e ol 5SSl 2 0y
Wl o eSS s SlaLEE (pl ply Lsls QLB 055 o0y 502
Ll JAV] sl ool O 51 e, ol (gl omlis 4055
ssdome ) a0l las glosp)lS balis ool oS s T L2
3ok ol DL S b bl ag ol b sl s
D Sl s edloie alse il > (S Se s ol
2 sblie ol 01K 5 oot Nl Olaren SOLSG
Sl Ll V_E.Jl Sl slad b plaamis gl &S S 4l
LS o Bl oleliz 5 oosls slse 4 oo I Gaol bl
TLC,T, oS sl . Ljls 3,08 55 I gladd> 5 o 5l
Sl s 48 Sox lamio b i WL adUls 45U
o oz stz I gladd> 5 O Sl a5 s gslulas
5w S s el 3l eslizad L TLC, T, (glid axalsl jlsle
om lad 5 Lid culis ol old o,y » FE-SEM 5 TEM
wlis e e VYO nm 500 Ll g Sa L saaY
Y Lmﬁzjx.gdﬂ Sllar Gl 1y o s Shas V.l:..a sy L
slee gilolae )8 55l sls gl 552 51 J 51 g ol slad sle
5 ol UL J 5T e U e oK g 5T (ol 55 TEC,T,
S sl Sl Ol sl el (Sl S gla S n
ssba &S cl Liilo gt glalis Ll 5l o ol 5 U

D] a8 o 50me |y bS5 glalis LG

18 3e%ai Y-1-A
Lo uT Sl sl s glis sl S olS S

V&Y il gyotg F 0 )losh auludig o JUw osly $I919iSS 9 pole (sole dlxo ?\A



3315 9 Yoled caug 1 T Aaduds )3 panso daly 3 Slabine

U osyd oo Gl donl IS5 0 b Fe(OH), &l 3 50 (gl
S kel o b T bl el b el
S Dllllas s e lalis Lsd sl BLs
BAE s 3 a5 e e Gl J S L S
Ti,C,T, oo S3U Dby oY slie Gl e Ol
ol s 5 Je Ko w5 ol Ll op mée
QU (gl e 35 5 0T 3L5 a2 Jlo s Shas ¢ 5

LIYA] Cal o onls e sl s i 58

O i ¥ 1A
5 O3 e Jd3 el glacil 5 O s b, sl -
(ol by gl e et i OIS sl Esl o0
Ol 30 5 a3 51 T slad gl 51 55, G
o> T sl b b o Ll Glagsslen 516 S sl 5 T3 5008
O o Sl b= paeSe Galis iy ol D3 sl (55,0 sl
Ol iy 5k 5 S e S5 4 s o3k o
—eeSe SRl s glalis (oS CBlE J S L s
S b a-ALO, 5 SU el s s, 015 e |, TIO,
TiO, &35l CHl oSy Cgmy 55 4 osabse as by
S SL L THO,- Sl sbaa¥ 585 bl @ (e (S5
Ol s gl 58 g JUis 5 e oS 0 e il I b JUi
lpen ooty dohoms 53 opSe RIS L1511 5 e
s O Glie sl 2l 1 Ol Ss e S
2 eSe slid gl ook palls O L THO,— S

5 GO MoS, WS, wile garssslitlo b slalie Lo b anylis

Tunable
interlayer
spacing

Tunable
lateral dimension

— amm—a

o W sl el ol Jae glas 28 5 Lol el
el S ey Sl G5 5 ST U S Gl 2
5 MgSO, NaCl slaslal Lilg o peSe glalie (Jio Ol soa
wsls rals 1y w3 033l e Sy dlesl LS w33 1 e &
033l e Wy Jlesl oS Jl= 55 cas e Silsl 1 o Ll Ll
e a2l 1) O 358 el ditsy dal s s | ad
S AT G osll Gl iSea s L OIS e b peeSe glalis
5 oMl bl il Blisa oS mlaw $355 OS]
Glis 4 o,i Slyd b 03 Saly s e 0L 1, Jle Ol s
25 s G A e LB 1 ol L 5 Se
o i D3l 5 Bais 0T S5 e e e 6lié b anylia
A JU) e 5 s (50 sl ol ool Sae
3l S 5 e Slae i (O b8 (s s Jos |
3l e Gl Glaamin 5B il 03 S byl Lalis
(T Slaet VTl 50 ol G50 cm Do ST L 03
ool ealital LB 5 b oy pl s e S50
Slr Jlosl sl 1) Lol epl oy s o OLES | g, Sar
sl lle ol oo 8 bas O adas 53 (2o 56 Sl
,L_,,%J)ugsudavﬁ\;bgwéuwwdm
S S oS sLid O 5L 5 gy plateas 355 0 e 3L
dob Il sl Fe(OH), <l3yt 5l o vve L/m2h.bar
Gy ool sdd eslizal ob S JUS! s bl 5 sl
538 e a5l ol b Ol e |y (g5t enSe
LU 5b ahols cote ,L L Fe(OH), 51 slaidas 03535 b e

LS| W)JU\ R ST SR SN NI PR At (N

v Rejected bigger solute

Tunable
membrane
thickness

Permeable smaller solute

Tortuous pathway for permeation of smaller solutes

Fig. 5. The mechanism of desalination of Mxene membranes [59].

?\Q &Y Sddawhpoig & 0 )lasis qauiaby o JUs roaks (5I9)93S5 9 pole (ole dlxo

1007 e slalie ol 3eSas IS 55l =0 i



3315 9 oled dug 1 T Aaduds )3 pansio A3y 3 Slabine

L S Caew b glosle L HF 03l ol ol jen  2edl
Llgn il o amacs ki 5l aS GlodeS SIS osla
S el S 4 Glp L Sl Dl )
oS SE sl LHF 0800 ol LAY 5 oenl )
3wy ol 5o h ar gl aem s bl el plnl e
s slas 8wy o va_a Cosgdees ol 038l Ll
5 S e Jlole slaes S L 0T 4 (oS DS 5
23 el oS e, S OS5 a5 s il e rh.\ﬂ
S oS 033k b (AR LT alide 53 i b ppeSe ol J
o yots g e s S pelide 53 LS W 5055 e
s a3l 0Kk a5 Ml 5 g slasa L SSL
Lol W5 sln 1 Gl lacs b ol (Sae 5038
oeSe ol gbalis (S ke kS sl ol elde o
Sl S5m0 pollae 3 Shas 5 Ll o O L
5 (658 o sl 5 012083) JT slad gl dacSias il
S8 5 Bl gl s s e g Llesls DL e,
LU slsa sl opl S 5 o dpol (meSle LS 5 (g5l
LU WOl ag i) 5 pol—ltle daly 5 odd Sos o

Sy e

S5 dom ) ¢

L omdige 4l Slse Sl i Jod eSe Slaamio iU
5oty B kel il b oS s bl S ekl
w5 pileSl s il Caglie ez Sl (93 34 a0l
(el «Soob gl e glas (S n T s pdyillan]
e 5 bt (S ol ol e Slils lasy S
SLay S Do mlis 3 (63,815 5 e 35 ) S il
eS| o318 el e 31 S sl sl b 5l wledd s as iy
GolL Ll Lol od eslinal lie (5,53 s Slos 7Sl liaws
o SIS Slamiso gl Ol S GlaVow ol 5 Ciss
Al el odd e S5 el 53 WaOT 5 )lS s stoe
Sl SBlal (gl o 2ews 53 5 dydor (Ghay 95 5 5 53U 5l eslin]
2SSl Sl Sleis Sl S Olames plie
(s itan (55 e s Aile L 8 51 (6ol 53 oS iy
bliia g oS 5 Bl gla iy s K sl

&Li_é LSL“J‘.)LS 53 QL:SJ_, Qﬁ‘ 6}515“1’ (Llolls ealazel

wlie Ll 3 5 1 6 e oSl aa sl 3 Shee dalis 5b sl
L AN, 31 e e S5 m WL 3l o oS 3 idas e L2
glie .ol Vo r Lim2hubar 31 2SOl 5 O 35 cias e OLES
Sl 358 5 U5 JB Sl (m dalis e b avglie 53 oS
SBlE Shdas s Sl G5 s e 0L (5L sl

DY) clseds s > clile b cow caie

oy T (SiRg s (Sddine) 9 b S Ml -4

(Se gl il ilulder w3 63 1S glacs iy
old e oS DLS 51 bl gladsly flsl 4«
36l shse 5l baY sled S L Al e a5 Cod
slalie sheslad wey s o gla fags L e WS
S 5 AL wdal O (lepallr e (S 0l
ol S 5s 5 Golm 5 as e LS sl slasay Y
303 b Ol copl oo ol sais ST LS jsbay SLS 5
Gl 5 Sl glalie sl eslad gl ol G WS
(bt S s 3 3 el e il slasd N
OIS (lae i b Wilogsiin (5l | e S 5
Golwang dialy opl 53 58 e sl il glacslal s
Sasleldar Gl eSe 3150 50 (sda s SadUS 5L bl
OS5 a8 250 il J 28 L6 s Sas b e J S0
L asls oy (SlacpmSle anm i aine 53 Lo iy d s 3,51 5
Sl ey 358 (V) il axlge a5 OLLE Cudgdoee g3
e 358 (V) 5 e oY 5 JLKS 5L alols J xs
Sl a5l Sy cmlee b sbaliz e cotla sl
Ay Al S5 05k 5 (SUb Ale s pslie bl
dUE 50 ol |5 ccnl o S b by (gn g U1, b 2l -
S TLAIC, Ko slajl 5l et L Ol o |y TLCT, (panSe
LU SL 58S uns i 31 S slais, 6,858
Aley dlb placd 3 51 &S 4,8 IS8 Gl S wslg
eha il Gk Sl QU e 1 ol Gal S At
S IS Olamas oSo il slalid 4 5100
(Ol Al b g plimed oy S5 lrs LSt s 15 e
Colhe (L a4 plaws 5o S i g1l Al e e
fn a0 S Sb Sl OS5 a5 3 50 Olines
5 et S LHF Sl eslind b Ko a5 sl

V&Y il gyotg F 0 )losh auludig o JUw osly $I919iSS 9 pole (sole dlxo ?Y'



3315 9 Yoled caug 1 T Aaduds )3 panso daly 3 Slabine

WOl s Ly, a5 b Lal el Sl g LapanSs o] s ien
By Jlxl b8 i sl b ol 5ledal 3 el S
S okl S 03 52 0 S Lo 5 5 315 Ll
O5Slen 5 2,10 5L 6ol Ul 4y sl ol ol L anils
Sl 53 55 GeeSe DS 5 S o5 st Ol s 5
5 Lo b i ool 53 O Kiass Ll iy I3 tass ol

.M)Wuoid\ﬂdﬂgduaﬂ)ﬁ

22150 -1

1. Khayet M., Treatment of Radioactive Wastewater Solutions by
Direct Contact Membrane Distillation Using Surface Modified
Membranes, Desalination. 321, 60-66, 2013.

2. Fritzmann C., Lowenberg J., Wintgens T., and Melin T., State-
of-the-Art of Reverse Osmosis Desalination, Desalination.
216, 1-76, 2007.

3. Lim YJ., Goh K., Kurihara M., and Wang R., Seawater
Desalination by Reverse Osmosis: Current Development and
Future Challenges in Membrane Fabrication-A Review, J.
Membr. Sci., 629, 119292-119323, 2021.

4. Hailemariam R.H., Woo Y.C., Damtie M.M., Kim B.C., Park
K-D., and Choi J-S., Reverse Osmosis Membrane Fabrication
and Modification Technologies and Future Trends: A Review,
Adv. Coll. Int. Sci., 276, 102100-102120, 2020.

5. Khodami S., Babanzadeh S., Mehdipour-Ataei S., Improving
the Performance of Novel Polysulfone-Based Membrane via
Sulfonation Method: Application to Water Desalination, J.
Appl. Polym. Sci., 48568-48578, 2019.

6. Babanzadeh S., Mehdipour-Ataei S., Khodami S., Novel
Blended Poly(sulfide sulfone)/Poly(ether sulfone) Dense
Membranes for Water Treatment, Polym. Adv. Technol.,
32,1667-1679, 2021.

7.  Khodami S., Babanzadeh S., and Mehdipour-Ataei S., Novel
Pyridine-Based =~ Polysulfone, Sulfonated Polysulfones,
and Sonicated Sepiolite-Based Nanocomposites for Water
Desalination, Micropor. Mesopor. Mater., 295, 109951-
109962, 2020.

8. Nahvi R., Babanzadeh S., and Mehdipour-Ataei S., Poly(aryl
ether sulfone sulfide)/Flower-Like ZnO Nanocomposites:

Synthesis, Characterization and Application as Water Treatment

?Y\ &Y Sddawhpoig & 0 )lasis qauiaby o JUs roaks (5I9)93S5 9 pole (ole dlxo

il s laaias 3 eeSe DS 5 s sl
(S Samis 55 Olsl b O3St Slaes S 555 L yls 5 5508
ol Sl sl Aol (SO plSoual aga
Shasliad sl ol o S5 oS Conm 5 KB Sprs
sl o sSan janil 5 t3lo U glalie el 53 LS 5 o)
Ml 5 s a5 ()lJf,LaJ}i B el gl es 8
ol Ly J 3 059 opl 3 baimss da e ot 6L s

Membrane, Polym. Adv. Technol., 1-12, 2021.

9. Khodami S., Mehdipour-Ataei S., and Babanzadeh S.,
Preparation, Characterization, and Performance Evaluation of
Sepiolite-Based Nanocomposite Membrane for Desalination,
J. Ind. Eng. Chem., 82,164-172, 2020.

10. Mehdipour-AtaeiS.and KhodamiS., Thin Film Nanocomposites
from a Novel Poly(keto ether sulfone) to Remove Metal lons
from Wastewater, Polym. Adv. Technol., 33, 1079-1091, 2022.

11. Li X, LiuY., Wang J., Gascon J., Li J., and Van der Bruggen
B., Metal-Organic Frameworks Based Membranes for Liquid
Separation, Chem. Soc. Rev., 46, 7124-7144,2017.

12. LiK., Lee B., and Kim Y., High Performance Reverse Osmosis
Membrane with Carbon Nanotube Support Layer, J. Membr.
Sci., 592, 117358-117368, 2019.

13. Ibrahim Y., Kassab A., Eid K., Abdullah M.A., I. Ozoemena
K., and Elzatahry A., Unveiling Fabrication and Environmental
Remediation of MXene-Based Nanoarchitectures in Toxic
Metals Removal from Wastewater: Strategy and Mechanism,
Nanomater, 10, 885-915, 2020.

14. Wei S, Xie Y., Xing Y., Wang L., Ye H., Xiong X., and Han
K., Two-Dimensional Graphene Oxide/MXene Composite
Lamellar Membranes for Efficient Solvent Permeation and
Molecular Separation, J. Membr. Sci., 582, 414-422,2019.

15. Yin C., Xiong B., Liu Q., Li J., Qian L., Zhou Y., and He
C., Lateral-Aligned Sulfonated Carbon-Nanotubes/Nafion
Composite Membranes with high proton conductivity and
improved mechanical properties, J. Membr. Sci., 591, 117356-
117375, 2019.

16. Wang Z., Ma C., Xu C., Sinquefield S.A., Shofner M.L.,

and Nair S., Graphene Oxide Nanofiltration Membranes for



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

‘03030l Jlobus

Desalination under Realistic Conditions, Nat. Sustain., 402,
402-408, 2021.

Anasori B., Lukatskaya M.R., and Gogotsi Y., 2D Metal
Carbides and Nitrides (MXenes) for Energy Storage, Nat. Rev.
Mater., 2,1-17,2017.

Ho D.H., Choi Y.Y., Jo S.B., Myoung J.-M., and Cho J.H.,
Sensing with MXenes: Progress and Prospects, Adv. Mater.,
33,2005846-2005878, 2021.

Kwon O., Choi Y., Kang J., Kim J.H., Choi E., Woo Y.C., and
Kim D.W., A Comprehensive Review of MXene-Based Water-
Treatment Membranes and Technologies: Recent Progress and
Perspectives, Desalination, 522, 115448-115464, 2022.
Naguib M., Mashtalir O., Carle J., Presser V., Lu J., Hultman
L., and Barsoum M.W., Two-Dimensional Transition Metal
Carbides, ACS Nano., 6, 1322-1331, 2012.

Gogotsi Y. and Anasori B., The Rise of MXenes, ACS Nano.,
13, 8491-8494, 2019.

Naguib M., Kurtoglu M., Presser V., Lu J., Niu J., Heon M.,
Hultman L., Gogotsi Y., and Barsoum M.W., Two-Dimensional
Nanocrystals: Two-Dimensional Nanocrystals Produced by
Exfoliation of Ti,AlC,, Adv. Mater., 23, 4207-4222, 2011.
Naguib M., Mochalin V.N., Barsoum M.W., and Gogotsi Y.,
MXenes: A New Family of Two-Dimensional Materials, Adv.
Mater., 26, 992-1005, 2014.

Eom W.,; Shin H., Ambade R.B., Lee S.H., Lee K.H., Kang
D.J., and Han T.H., Large-Scale Wet-Spinning of Highly
Electroconductive MXene Fibers, Nat. Commun., 11, 1-7,
2020.

Barsoum M.W., The M, A\ N Phases: A New Class of Solids:
Thermodynamically Stable Nanolaminates, Prog. Solid State
Chem., 28,201-281, 2000.

Momma K. and Izumi F., VESTA3 for Three-Dimensional
Visualization of Crystal, Volumetric and Morphology Data, J.
Appl. Crystallogr., 44, 1272-1276, 2011.

Verger L., Xu C., Natu V., Cheng H-M., Ren W., and Barsoum
M.W., Overview of the Synthesis of MXenes and Other
Ultrathin 2D Transition Metal Carbides and Nitrides, Curr.
Opin. Solid State Mater. Sci., 23, 149-163, 2019.

Lipatov A., Alhabeb M., Lukatskaya M.R., Boson A., Gogotsi
Y., and Sinitskii A., Effect of Synthesis on Quality, Electronic
Properties Stability of Individual
Monolayer Ti,C, MXene Flakes, Adv. Electron. Mater., 2,
1600255-1600273, 2016.

and Environmental

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

V&Y il gyotg F 0 )losh auludig o JUw osly $I919iSS 9 pole (sole dlxo

3315 9 oled dug 1 T Aaduds )3 pansio A3y 3 Slabine

. Ghidiu M., Lukatskaya M.R., Zhao M.Q., Gogotsi Y., and

Barsoum M.W., Conductive Two-Dimensional Titanium
Carbide ‘Clay’ with High Volumetric Capacitance, Nature,
516, 78-81, 2014.

Verger L., Xu C., Natu V., Cheng HM., and Ren W., An
Overview of Recent Advances in the Synthesis and Applications
of the Transition Metal Carbide Nanomaterials, Nanomater, 3,
776-790, 2021.

Mashtalir O., Naguib M., Mochalin V.N., Dall’Agnese Y.,
Heon M., Barsoum M.W., and Gogotsi Y., Intercalation and
Delamination of Layered Carbides and Carbonitrides, Nat.
Commun., 4,1-7,2013.

Zhou J., Zha X., Chen Fan Y., Ye Q., Eklund P, and
Du S, by
Selective Etching of ALC, from Nanolaminated Zr,ALC,,
Angew. Chem. Int. Ed. Eng., 55, 5008-50013, 2016.

HalimJ., Kota S., Lukatskaya M.R., Naguib M., Zhao M.Q., and

A Two-Dimensional Zirconium Carbide

Moon E.J., Synthesis and Characterization of 2D Molybdenum
Carbide (MXene), Adv. Funct. Mater., 26, 3118-3127, 2016.
YuX., Cai X., CuiH., Lee S.-W., Yu X.-F., and Liu B., Fluorine-
Free Preparation of Titanium Carbide MXene Quantum Dots
with High Near-Infrared Photothermal Performances for
Cancer Therapy, Nanoscale, 9, 17859-17864, 2017.

Hu T., Hu M., Li Z., Zhang H., Zhang C., and Wang J.,
Interlayer Coupling in Two-Dimensional Titanium Carbide
MXenes, Phys. Chem. Chem. Phys., 18, 20256-20260, 2016.
Halim J., Lukatskaya M.R., Cook K.M., Lu J., Smith C.R.,
Naslund L.A., and Barsoum M.W., Transparent Conductive
Two-Dimensional Titanium Carbide Epitaxial Thin Films,
Chem. Mater., 26, 2374-2381, 2014.

Gogotsi Y., Transition Metal Carbides Go 2D, Nat. Mater., 14,
1079-1080, 2015.

Xu C., Wang L., Liu Z., Chen L., Guo J., and Kang N., Large-
Area High-Quality 2D Ultrathin Mo,C Superconducting
Crystals, Nat. Mater., 14, 1135-1149, 2015.

Jia J., Xiong T., Zhao L., Wang F., Liu H., Hu R., and Chen
S., Ultrathin N-Doped Mo,C Nanosheets with Exposed Active
Sites as Efficient Electrocatalyst for Hydrogen Evolution
reactions, ACS Nano., 11,12509-12518, 2017.

Alhabeb M., Maleski K., Anasori B., Lelyukh P., Clark L., Sin
S., and Gogotsi Y., Guidelines for Snthesis and Processing of
Two-Dimensional Titanium Carbide (Ti,C,T, MXene), Chem.
Mater., 29, 7633-7644, 2017.

7vy



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

3315 9 Yoled caug 1 T Aaduds )3 panso daly 3 Slabine

Geng D., Zhao X., Li L., Song P., Tian B., Liu W., Chen J.,
Shi D., Lin M., Zhou W., and Ping K.L., Controlled Growth
of Ultrathin Mo,C Superconducting Crystals on Liquid Cu
Surface, 2D Mater., 4,011012-011023, 2017.

Rezakazemi M., Arabi Shamsabadi A., Lin H., Luis P,
Ramakrishna S., and Aminabhavi T.M., Sustainable MXenes-
Based Membranes for Highly Energy-Efficient Separations,
Renew. Sustain. Energy Rev., 143, 110878-110893, 2021.
Wang H.-W., Naguib M., Page K., Wesolowski D.J., and
Gogotsi Y., Resolving the Structure of Ti,C,T MXenes
Through Multilevel Structural Modeling of the Atomic Pair
Distribution Function, Chem. Mater., 28, 349-359, 2016.

Li Y., Shao H., Lin Z., Lu J., Liu L., Duployer B., Persson
P.O., Eklund P., Hultman L., and Li M., A General Lewis
Acidic Etching Route for Preparing MXenes with Enhanced
Electrochemical Performance in Non-Aqueous Electrolyte,
Nat. Mater., 19, 894-899, 2020.

Kamysbayev V., Filatov A.S., Hu H., Rui X., Lagunas F., Wang
D., Klie R.F., and Talapin D.V., Covalent Surface Modifications
and Superconductivity of Two-Dimensional Metal Carbide
MXenes, Science, 369, 979-983, 2020.

Jawaid A., Hassan A., Neher G., Nepal D., Pachter R., Kennedy
W.J., Ramakrishnan S., and Vaia R.A., Halogen Etch of Ti,AIC,
MAX Phase for MXene Fabrication, ACS Nano., 15, 2771-
2777,2021.

Kim J.H., Choi Y., Kang J., Choi E., Choi S.E., Kwon O., and
Kim D.W., Scalable Fabrication of Deoxygenated Graphene
Oxide Nanofiltration Membrane by Continuous Slot-Die
Coating, J. Membr. Sci., 612 ,118454-118470, 2020.

Hu T, Li Z., Hu M., Wang J., Hu Q., and Li Q., Chemical
Origin of Termination-Functionalized MXenes: Ti,C,T, as a
Case Study, J. Phys. Chem., 121, 19254-19261, 2017.

Lu Z., Wei Y., Deng J., Ding L., Li Z.-K., and Wang H.,
Self-Crosslinked MXene (Ti,C,T) Membranes with Good
Antiswelling Property for Monovalent Metal Ion Exclusion,
ACS Nano, 13, 10535-10544, 2019.

Wu W, ShiY., Liu G., Fan X., and Yu Y., Recent Development
of Graphene Oxide Based Forward Osmosis Membrane
for Water Treatment: A Critical Review, Desalination, 491,
114452-11465, 2020.

Riazi H., Anayee M., Hantanasirisakul K., Shamsabadi A.A.,
Anasori B., and Gogotsi Y., Surface Modification of a MXene
by an Aminosilane Coupling Agent, Adv. Mater. Interfaces.,

7Yy

V&Y Sdduwl—page F ©)lasd (pulindig o Jn posly (53909385 9 pole pale Alxo

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

20,1902008-1902018, 2020.

Ma X., Zhu X., Huang C., and Fan J., Revealing the Effects
of Terminal Groups of MXene on the Water Desalination
Performance, J. Membr. Sci., 647, 120334-120343, 2022.

Ren C.E., Hatzell K.B., Alhabeb M., Ling Z., Mahmoud K.A.,
and Gogotsi Y., Charge-and Size-Selective lon Sieving through
Ti,C,T, MXene Membranes, J. Phys. Chem. Lett., 6, 4026-
4031, 2015.

Han R., Ma X, Xie Y., Teng D., and Zhang S., Preparation of
a New 2D MXene/PES Composite Membrane with Excellent
Hydrophilicity and High Flux, RSC Adv., 7, 56204-56210,
2017.

Kang K.M., Kim D.W., Ren C.E., Cho K.M., Kim S.J., Choi
J.H.,Nam Y.T., Gogotsi Y., and Jung H.-T., Selective Molecular
Separation on Ti,C,T ~Graphene Oxide Membranes during
Pressure-Driven Filtration: Comparison with Graphene Oxide
and MXenes, ACS Appl. Mater. Interfaces., 9, 44687-44694,
2017.

Ding L., Wei Y., Wang Y., Chen H., Caro J., and Wang H., A
Two-Dimensional Lamellar Membrane: MXene Nanosheet
Stacks, Angew. Chem. Int. Ed., 56, 1825-1829, 2017.

Pandey R.P., Rasool K., Madhavan V.E., Aissa B., Gogotsi
Y., and Mahmoud K.A., Ultrahigh-flux and Fouling-Resistant
Membranes Based on Layered Silver/MXene (Ti,C,T))
Nanosheets, J. Mater. Chem. A, 6, 3522-3533, 2018.

Ding M., Xu H., Chen W., Kong Q., Lin T., Tao H., Zhang K.,
Liu Q., Zhang K., and Xie Z., Construction of a Hierarchical
Carbon Nanotube/MXene Membrane with Distinct Fusiform
Channels for Efficient Molecular Separation, J. Mater. Chem.
A, 8,22666-22673, 2020.

Karahan H.E., Goh K., Zhang C., Yang E., Yildirim C., Chuah
C.Y., Ahunbay M.G., Lee J., Tantekin-Ersolmaz S.B., Chen
Y., and Bae T.H., MXene Materials for Designing Advanced
Separation Membranes, Adv. Mater., 32, 1906697-1906720,
2020.

Jie S., Guozhen L., YufanJ., Quan L., Long C., and Kecheng G.,
2D MXene Nanofilms with Tunable Gas Transport Channels,
Adv. Funct. Mater., 28, 1801511-1801526, 2018.

WuY., Li X., Zhao H., Yao F., Cao J., Chen Z., Huang X., Wang
D., and Yang Q., Recent Advances in Transition Metal Carbides
(MXenes):
Remediation and Challenges, Chem. Eng. J., 418, 129296-
129316, 2021.

and Nitrides Characteristics, Environmental



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

‘03030l Jlobus

Wang W., Wei Y., Fan J., Cai J., Lu Z., Ding L., and Wang H.,
Recent Progress of Two-Dimensional Nanosheet Membranes
and Composite Membranes for Separation Applications, Front.
Chem. Sci. Eng., 15, 793-819, 2021.

Zhou Z., Liu J., Zhang X., Tian D., Zhan Z., and Lu C.,
Ultrathin MXene/Calcium Alginate Aerogel Film for High-
Performance Interference  Shielding,
Adv. Mater. Interfac., 6, 1802040-1802055, 2019.
Mohammadi V.A., Moncada J., Chen H., Kayali E., Orangi
J., Carrero C.A., and Beidaghi M., Thick and Freestanding
MXene/PANI Pseudocapacitive Electrodes with Ultrahigh
Specific Capacitance, J. Mater. Chem. A, 6, 22123-22133,
2018.

Thsanullah I. and Bilal M., Potential of MXene-Based

Electromagnetic

Membranes in Water Treatment and Desalination: A Critical
Review, Chemosphere, 303,135234-135256, 2022.

Yang S., Zhang P., Wang F., Ricciardulli A.G., Martin R.L.,
Blom PW.M.,, and Feng X., Fluoride-Free Synthesis of Two-
Dimensional Titanium Carbide (MXene) Using a Binary
Aqueous System, Angew. Chem., 130, 15717-15721, 2018.
Zhang Y., Wang Y., Jiang Q., El-Demellawi J.K., Kim H., and
Alshareef H.N., MXene Printing and Patterned Coating for
Device Applications, Adv. Mater., 32, 1908486-1908512, 2020.
Li J, Li X., and Van der Bruggen B., An MXene-Based
Membrane for Molecular Separation, Environ. Sci: Nano., 7,
1289-1304, 2020.

Gao J., Feng Y., Guo W., and Jiang L., Nanofluidics in Two-
Dimensional Layered Materials: Inspirations from Nature,
Chem. Soc. Rev., 46, 5400-5424, 2017.

Ahmadijokani F., Mohammadkhani R., Ahmadipouya S.,
Shokrgozar A., Rezakazemi M., and Molavi H., Superior
Chemical Stability of UiO-66 Metal-Organic Frameworks
(MOFs) for Selective Dye Adsorption, Chem. Eng. J., 399,
125346-125361,2020.
Ahmadijokani F., Tajahmadi S., Bahi A., Molavi H.,
Rezakazemi M., and Ko F., Ethylenediamine-Functionalized
Zr-Based MOF for Efficient Removal of Heavy Metal lons
From Water, Chemosphere, 264, 128466-128481, 2021.
Ahmadipouya S., M., Ahmadijokani
F., Jarahiyan A., Molavi H., and Matloubi Moghaddam

F., Magnetic Fe,O,@UiO-66 Nanocomposite for Rapid

Heidarian Haris

Adsorption of Organic Dyes from Aqueous Solution, J. Mol.
Lig., 322, 114910-114929, 2021.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

V&Y il gyotg F 0 )losh auludig o JUw osly $I919iSS 9 pole (sole dlxo

3315 9 oled dug 1 T Aaduds )3 pansio A3y 3 Slabine

Mirqasemi M.S., Homayoonfal M., and Rezakazemi M.,
Zeolitic Imidazolate Framework Membranes for Gas and Water
Purification, Environ. Chem. Lett., 18, 1-52, 2020.

Varoon K., Zhang X., Elyassi B., Brewer D.D., Gettel M., and
Kumar S., Dispersible Exfoliated Zeolite Nanosheets and Their
Application as a Selective Membrane, Science, 334, 72-75,
2011.

Kim H.W., Yoon HW., Yoon S.-M., Yoo B.M., Ahn B.K,,
and Cho Y.H., Selective Gas Transport through Few-Layered
Graphene and Graphene Oxide Membranes, Science, 342, 91-
95,2013.

Zhang Y., Chen D., Li N, Xu Q., Li H., He J,, and Lu J.,
High-performance and Stable Two-Dimensional MXene-
Polyethyleneimine Composite Lamellar Membranes for
Molecular Separation, ACS Appl. Mater. Interfaces, 14, 10237-
10245,2022.

Ma X., Zhu X., Huang C., and Fan J., Exploring the Potential
of MXene Nanoslit for Water Desalination through Molecular
Dynamics Simulations, Desalination, 556,116560-116570,
2023.

Solangi N.H., Mubarak N.M., Karri R.R., Mazari S.A., and
Koduru J.R., Holistic Mechanism of Graphene Oxide and
MXene-Based Membrane for the Desalination Processes,
Desalination, 568, 117035-117055, 2023.

Zhou P., Zhu Q., Sun X., Liu L., Cai Z., and Xu J., Recent
Advances in MXene-Based Membrane for Solar-Driven
Interfacial Evaporation Desalination, Chem. Eng. J., 464,
142508-142526, 2023.

Foller T., Wang H., and Joshi R., Rise of 2D Materials-Based
Membranes for Desalination, Desalination, 536, 115851-
115855, 2022.

Asif M.B., Iftekhar S., Magbool T., Pramanik B.K., Tabraiz S.,
Sillanp M., and Zhang Z., Two-Dimensional Nanoporous and
Lamellar Membranes for Water Purification: Reality or a Myth,
Chem. Eng. J., 432, 134335-134343, 2022.

Liu G., Shen J., Liu Q., Liu G., Xiong J., Yang J., and Jin
W., Ultrathin Two-Dimensional MXene Membrane for
Pervaporation Desalination, J. Membr. Sci., 548, 548-558,
2018.

Arabi Shamsabadi A., Sharifian Gh M., Anasori B., and
Soroush M., Antimicrobial Mode-of-Action of Colloidal
Ti,C,T, MXene Nanosheets, ACS Sustain. Chem. Eng., 6,
6586-16596, 2018.

7ve



84.

85.

86.

87.

88.

&9.

90.

91.

3315 9 Yoled caug 1 T Aaduds )3 panso daly 3 Slabine

Rasool K., Mahmoud K.A., Johnson D.J., Helal M., Berdiyorov
G.R., and Gogotsi Y., Efficient Antibacterial Membrane Based
on Two-Dimensional Ti,C,T (MXene) Nanosheets, Sci. Rep.,
7, 1-11,2017.

Huang K., Li Z., Lin J.,, Han G., and Huang P., Two-
Dimensional Transition Metal Carbides and Nitrides (MXenes)
for Biomedical Applications, Chem. Soc. Rev., 47, 5109-5124,
2018.

Li ZK., Liu Y, Li L., Wei Y., Caro J.,, and Wang H.,
Ultra-thin Titanium Carbide (MXene) Sheet Membranes
for High-Efficient Oil/Water
J. Membr. Sci., 592, 117361-117386, 2019.

Zeng G., Wei K., Zhang H., Zhang J., Lin Q., Cheng X., and
Chiao Y.H., Ultra-High Oil-Water Separation Membrane Based

Emulsions  Separation,

on Two-Dimensional MXene (Ti,C,T ) by Co-Incorporation of
Halloysite Nanotubes and Polydopamine, App!l. Clay Sci., 211,
106177-106198, 2021.

Ray S.S., Sharma T.S.K., Singh R., Ratley A., Choi W.M.,
Ahn Y-H., Sangeetha D., and Kwon Y.N., Towards the Next
Generation Improved throughput MXene-Based Membrane for
Environmental Applications: A Holistic Review, J. Environ.
Chem. Eng., 11, 110243-110262, 2023.

Thsanullah 1., Potential of MXenes in Water Desalination:
Current Status and Perspectives, Nano-Micro Lett., 12, 72-96,
2020.

Ding L., Li L., Liu Y., Wu Y., Lu Z., and Deng J., Effective
Ion Sieving with Ti,C,T_ MXene Membranes for Production
of Drinking Water from Seawater, Nat. Sustain., 3, 296-302,
2020.

Sun Y., Xu Z., Zhuang Y., Liu G., Jin W,, and Liu G., Tunable
Dextran Retention of MXene-TiO, Mesoporous Membranes

by Adjusting the 2D MXene Content, 2D Mater. 5, 045003-

7Yd

V&Y Sdduwl—page F ©)lasd (pulindig o Jn posly (53909385 9 pole pale Alxo

92.

93.

94.

95s.

96.

97.

98.

99.

045012, 2018.

Liu G., Shen J., Liu Q., Liu G., Xiong J., Yang J., and Jin
W., Ultrathin Two-Dimensional MXene Membrane for
Pervaporation Desalination, J. Membr. Sci., 548, 548-558,
2018.

Yin J., Zhu G., and Deng B., Multi-Walled Carbon Nanotubes
(MWNTs)/Polysulfone (PSU) Mixed Matrix Hollow Fiber
Membranes for Enhanced Water Treatment, J. Membr. Sci.,
437, 237-248, 2013.

ZhaoH., WuL., Zhou Z., Zhang L., and Chen H., Improving the
Antifouling Property of Polysulfone Ultrafiltration Membrane
by Incorporation of Isocyanate-Treated Graphene Oxide, Phys.
Chem. Chem. Phys., 15, 9084-9092, 2013.

Wu H., Tang B., AND Wu P, Development of Novel SiO,—~
GO Nanohybrid/Polysulfone Membrane with Enhanced
Performance, J. Membr. Sci., 451, 94-102, 2014.

Khan A., Sherazi T.A., Khan Y., Li S., Naqvi S.A.R., and Cui
Z., Fabrication and Characterization of Polysulfone/Modified
Nanocarbon Black Composite Antifouling Ultrafiltration
Membranes, J. Membr. Sci., 554, 71-82, 2018.

Shen Z., Chen W., Xu H., Yang W., Kong Q., Wang A., Ding M.,
and Shang J., Fabrication of a Novel Antifouling Polysulfone
Membrane with in Situ Embedment of Mxene Nanosheets, /nt.
J. Environ. Res. Public Health, 16, 4659-4675, 2019.

Sun Y., Li S., Zhuang Y., Liu G., Xing W., and Jing W.,
Adjustable Interlayer Spacing of Ultrathin MXene-Derived
Membranes for lon Rejection, J. Membr. Sci., 591, 117350-
117362, 2019.

Wang J., Zhang Z., Zhu J., Tian M., Zheng S., Wang F., Wang
X., and Wang L., lon Sieving by a Two-dimensional Ti,C,T,
Alginate Lamellar Membrane with Stable Interlayer Spacing,
Nat. Commun., 11, 1-10, 2020.



