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Abstract: The semiconductor industry has become one of the most critical pillars of the global
economy, with projected revenues expected to exceed USD one trillion by 2030. A key but often
underappreciated resource underpinning semiconductor manufacturing is ultrapure water (UPW),
which is indispensable for wafer cleaning, photolithography, chemical vapor deposition, and other
precision processes. This review provides an overview of emerging technologies in UPW
production for semiconductor manufacturing that have long been employed and remain
foundational to UPW systems. We also emphasize the importance of integrated solutions with
advanced oxidation processes, solar-driven energy system, and artificial intelligence. Together,
these synergies create pathways toward greener, more resilient, and economically viable UPW
production. These strategies are expected to ensure superior water purity, operational efficiency,
and environmental sustainability, thereby supporting the long-term growth and competitiveness
of the semiconductor sector.
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Tong quan ve€ su phat trién cua cac cong nghé san xuat
nudc siéu tinh khiét trong cong nghi¢p ban dan

Nguyén Puc Viét, Vii Ngoc Thity, Hoang Thi Thu Huong”

Khoa Khoa hoc va Cong nghé Méi trwong, Trieong Hoa va Khoa hoc Su song,
Pai hoc Bach Khoa Ha Néi, 1 Pai Co Viét, Bach Khoa, Ha Ngi, Viét Nam

Nhén ngay 08 thang 8 ndm 2025
Chinh stra ngay 15 thang 9 nam 2025; Chap nhan dang ngay 30 thang 9 nam 2025

Tém tit: Nganh cong nghiép ban din déng vai tro then chét trong kinh té toan cau, Vi gid tri thi
truong duoc du bao s€ vuot 1 nghin ty d6 la My vao nam 2030. San xuat ban dan doi hoi nguon
cung cap nudc siéu sach (ultrpure water, UPW) lién tuc va 6n dinh. Tuy nhién, qua trinh san Xudt
UPW dang phai déi mat v6i ap luc khan hiém ngudn nuéc va tiéu chudn nudc thanh phim ngay
cang khit khe. Nghién ctru nay tong quan vé sy phat trién cua cic cong nghé san xuit UPW méi
nhét ciing nhu cic mat han ché cua ting cong nghé, tir d6 phan tich loi ich c¢6 dwoc khi két hop cac
cong nghé ndy voi cac qua trinh khac nhu oxi hoa néng cao, nang luong tdi tao va tri tu¢ nhan tao.
Sy phat trién khong ngumg cua cong nghé san xuit UPW va céc hé thong tich hop gitip thuc day
hiéu qua san xuét ctia cong nghiép ban din noi riéng va cac mé hinh san xuét bén viing noi chung.

Tir khéa: cong nghé mang; ban dan; nude siéu sach; hé thong tich hop; kinh té tuan hoan.

1. Mé dau

Nhirng nim gin déy, nganh ban dan di tro
thanh tru cot cua kinh té toan cau, thuc déy
chuyén dbi s6 trong nhiéu linh vuc. Dy bao nim
2025, doanh s6 ban dan toan cau dat khoang 700
ty d6 la My va c6 thé vuot 1 nghin ty d6 la My
vao nam 2030, dua ban dan tré thanh mat hang co
gia tri giao dich 16n tht tu sau du tho, dau tinh ché
va 0 t6 [1]. Ban dan dong thoi duge xem 14 cong
nghé chién luoc, gén vé6i canh tranh kinh té va an
ninh quéc gia ctia nhiéu nudc 16n trén thé gisi.

Hién nay, chudi san xuét ban din mang tinh
toan cau, tir thiét ké, ché tao dén dong goi va
kiém thir. Xu hudng chuyén mén hoa véi su xuat
hién cua dich vu lép rap va kiém dinh thué ngoai
d3 dn t6i mang ludi san xuét phén tan, trong d6
khong quéc gia ndo nam tron toan bd chudi gia
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tri [2]. V&i ngudn nhan luc doi dao, cac qudc gia
chau A hién chiém uu thé tuyét ddi, dic biét la
Pai Loan, Han Quéc, Trung Quéc, Nhat Ban va
Singapore. Trong khi do, My gitt vai trd cha dao
trong thiét ké va thiét bi, con chau Au co thé
manh & Chlp 0 to, dién tir cong suat v6i tham
vong ting gip doi thi phan toan ciu vao nim
2030. Cac trung tdm mdi ndi nhu An bo,
Malaysia, Viét Nam ciing dang dwoc dau tu
manh mé [3].

Trong san xuit ban dan, nudc siéu sach
(ultrpure water, UPW) dong vai tro thiét yéu
nhung van chua duwoc diu tu phat trién ding
mic. Mi tim wafer 200 mm c6 thé tiéu thy hang
nghin lit UPW cho cac cong doan rira, lam sach
va quang khic [4]. Dy bio murc d6 ting truong
kép hang nam (CAGR) ciia UPW trén toan cau
dat 9,2% tir nay dén 2030, dat hon 16 ty d6 la My
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[2]. Tai Viét Nam, nhu cau UPW cling tang
truong manh véi CAGR 10,7%, dat hon 1 ty do
la My vao ndm 2032 [3]. Hinh 1 trinh bay su taing
trudng nhanh, dac biét trong khoang 10 nam tro
lai ddy ctia cac nghién ciru lién quan dén sir dung
va san xuat UPW, véi s6 lugng cong bd ting hon
10 14n sau 15 nam tir 2010 dén 2025. Trong do,
sO lwong nghién ctru vé UPW luén chiém hon
50% tong so cong bd, cho thay tim quan trong
ctia UPW trong cong nghiép ban dan.

UPW yéu cau dat do tinh khiét cuc cao véi
dién tré suat 18,3 MQ.cm, TOC < 1-5 ppb, nong
d6 ion kim loai < 0,1 ppb. Chi mét lugng nho tap
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chat ciing c6 thé gy 16i nghiém trong [5]. Cac
quy trinh xir 1y truyén thong nhu trao doi ion,
than hoat tinh dang hat (granular activated
carbon, GAC), mang tham thau ngugc (reverse
osmosis, RO) va trao dbi i ion (ion exchange, IX)
da duoc ap dung, nhung van gip thach thuc vé
loai bo hop chét hitu co c¢6 phan tir nho, chi phi
nang lugng va hoa chat [6]. Do do, cac cong
nghe moi ndi nhu mang RO cai tién, mang khir
ion dién dung (membrane capacitive
deionization, MCDI) va chung cit mang
(membrane distillation, MD) dang thu hut su
quan tam 16n [1].

Hinh 1. Sy phat trién ciia nghién ctru vé sdn xuit UPW cho cong nghiép ban din trong nhitng nim gan dy.
(Nguon dir liéu: Scopus, 09/2025).

Bai tong quan nay s& phan tich mot cach co
hé théng cac cong nghé dang duoc sir dung phd
bién trong san xuat UPW, dong thoi trinh bay
nhitng han ché cua timg cong nghé va dé xuat
cac xu huodng tich hgp ciia cac cong nghé nay voi
céc qua trinh tién tién nhu AOPs, nang luong tai
tao va Alnham dap v img yéu cau vé chat lugng, tinh
bén vimg va kha thi vé mat kinh té cua cac cong
nghé san xuat UPW trong cong nghiép ban dan.

bé phuc vu phan tich, xir ly di li¢u, nhom
nghién ctu thyc hién cach tiép can téng hop,
phan tich hé thong, nham danh gia toan dién cac
cong nghé xur Iy UPW phuc vu san xuit trong
cong nghiép ban dan. Cac tai liéu duoc thu thap
tir cac ngudn khoa hoc quéc té uy tin (Scopus,
Web of Science, ScienceDirect) va cac bao cdo
k¥ thuat cia nganh ban din trong giai doan 2015

- 2025. Hon 120 cong trinh nghién ctru da dugc
ra soat, chon loc, trong d6 47 cong trinh dugc
phén loai theo nhom cong nghé¢ (GAC, IX,
UF/RO, MCDI, MD, AOPs, Al va nang lugng
tai tao). Ky thudt phan tich, so sainh dugc thuc
hién dua trén cac tiéu chi chinh gom: hiéu suat
loai bo tap cht, nhu cau nang lugng, chi phi van
hanh, kha nang tich hgp va tiém ning bén viing.
Dir li¢u dinh lugng (ndng d6 TOC, do dan dién,
dién tré suat, nang luong tiéu thy) duge tong hop
dé nhan dién xu hudng va khoang trbng nghién
clru giita cac cong nghé truyén thong va cac cong
nghé tich hop méi. Két qua phan tich gitip xéac
dinh cac hudng tich hop tiém ning, huéng tdi mo
hinh xir Iy UPW hiéu qua, tiét kiém ning luong
va than thi€én moi truong.
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2. Cac cong nghé¢ xir Iy UPW trong cing
nghiép ban dan

|

(d) (e)

Hinh 2. So lugc cac cong nghé xir Iy UPW:
(a) GAC; (b) IX; (c) UF/RO; (d) MCDI; (e) MD.

2.1. Than hoat tinh dang hat (GAC)

Than hoat tinh dang hat (GAC) tir l1au da la
mot thanh phan quan trong trong hé théng san
xudt nude sidu sach (UPW), nho dién tich bé mit
16n, ciu tric xdp va kha nang hip phu carbon
hitu co hoa tan. Ngoai co ché hip phu vat Iy,
GAC con c6 thé dong vai tro 1a gia thé cho vi
sinh vat phat trién, gop phan phan huy sinh hoc
cac hop chét hiru co hoa tan [7]. Trong cac hé
thong UPW cap ban dan, noi ma chi mot luong
hiru co. vét cling c6 thé anh huong dén hi¢u suét
san xuat, GAC khong chi dimg ¢ vai tro tién xur
Iy ma con dam nhiém chirc nang da dang hon, tir
loai bo tap chat, kiém soat mang sinh hoc dén két
hop véi cac qua trinh oxi hda nang cao (nhu UV,
H202, Fenton,...) va cong ngh¢ mang [8].

Nhiéu nghién ciru thyc nghiém gan day da
chung minh tinh hi¢u quéa cua GAC trong loai bo
tap chét hitu co. Vi duy, hé GAC két hop mang
trong luc ¢6 thé loai bo 50 - 70% chat hiru co hoa
tan (dissolved organic concentration, DOC) tir
nu6e séng Songhua, Trung Quoc ddng thoi duy
tri hiéu suit 6n dinh trong sudt 193 ngay van
hanh [7]. Tai Ha Lan, b loc cac-bon hoat tinh

BODAC (biological oxygen-dosed activated
carbon) da dugc van hanh lién tuc hon 11 nam
ma khong can tai sinh, loai bo trén 70% chat hiru
co va cac hop chit vi luong, ddng thoi dam bao
nude sau RO dat tiéu chuan UPW (dién tro suét
>18 MQ-cm) [9]. Bé xtr 1y cac hop chét kho loai
b6 nhu uré, nhiéu nghién ctru da tmg dung GAC
hodc biochar - GAC két hop chit oxi héa manh
(PMS, PDS), dat hiéu qua phan huy téi 90-100%
[10]. Mot hé thdng lai ghép khac giita GAC va
xuc tac TiO; hoat hoa badi tia UV 254 nm ciing
dugc ghi nhan c6 kha ning nang cao hi¢u qua
loai bo cac chat hitu co hoa tan (total organic
carbon, TOC) so voi hé UVI85/GAC truyén
thong, d6ng thoi ty tai sinh bé mat hap phu nho
cac goc oxi hoa hinh thanh trong qua trinh chiéu
sang [11]. Trong mdt nghién ctru thyc té khac tai
Thanh D6, Trung Quéc, viéc tich hop hé théng
RO hai cép voi GAC, nhya trao d6i ion va UV
da giup giam TOC tir 373 xudng 2,37 ug/L, trong
khi dién tré sudt dat t6i 18,2 MQ-cm, dat tiéu
chuan ban din nghiém ngit [12].

Tuy nhién, GAC van ton tai mot sd han ché.
V& ban chét, n6 khé loai bo hiéu qua cdc hop chét
hiru co ¢6 khéi lwong phan tir thap va phan cyc
nhu uré hay acetone, vOn ngay cang pho bién
trong ngudn nude tai stir dung. Kha niang hip phu
cia GAC ciing c6 gi¢i han, dan téi hién tugng
bdo hoa va cin tai sinh hodc thay thé dinh ky.
Ngoai ra, trong cac hé thing BODAC, sy phat
trién sinh hoc qua murc co thé tao ra cac san phém
phu vi sinh hodc manh vun tr mang sinh hoc,
tiém an nguy co gdy 6 nhidm thir cip. Do d6, mic
du GAC van giit vai trd quan trong trong xir 1y
UPW, hiéu qua ctia n6 dugc phat huy tbi uru nhat
khi tich hop trong cac chudi xur 1y da giai doan,
thay vi mQt giai phap riéng ré.

2.2. Trao doi ion (IX)

Bén canh GAC, cong nghé trao ddi ion (IX)
cling déng vai tro quan trong trong san xut
UPW, dac biét ¢ giai doan cudi nhim dap tng
cac tiéu chuan nghiém ngit v& TOC (<50 ppb)
va dién tré suat (>18,2 MQ-cm). Nguyén 1y cua
IX dua trén viéc trao doi cac ion trong dung dich
véi ion ¢6 sin trén bé mat hat nhua cling nhu cho
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phép dan truyén ion chon loc thong qua cau tric
nano cua mang [13].

Céc nghién ctru gan ddy dd mo ra nhiéu
huéng phét trién vat liéu va quy trinh san xuat
UPW tu IX. H¢ thong IX dién hoa st dung mang
ludng cuc co thé thu hoi amoni tr ngudén nude
san xudt UPW ma khong can tai sinh hoa chat,
nhd co ché phan ly nudc thanh ion H* va OH-
[14]. Mbt nghién ctru khac vé tai sinh nhya bang
gbc sulfate cho thiy dung lwong hip phu duoc
duy tri 70 - 90% sau nhiéu chu ky, mic du c6
nguy co thodi héa nhya & liéu oxi hoa cao [15].
Pac biét, hé théng lai si€u loc (nanofiltration,
NF) - GAC - IX dugc danh gia c6 tinh twong
ddng cao véi chudi xir Iy UPW truyén thong,
trong d6 IX dong vai tro cudi cling, gitp dat duoc
mirc TOC va PFAS cuc thap [16]. Ngoai ra, nhya
sinh hoc IX san xuat tir tinh bot da ching minh
kha nang loai bé ion Cu** va Pb*, c6 thé tai sinh
bang acid - kiém don gian [17]. Tuy nhién, do
ban chét hitu co, nhimg vét liéu nay c6 nguy co
phat thai TOC thir cap nén can duoc kiém ching
k¥ luong trudce khi tng dung trong h¢ UPW.

O cép d6 vat liéu tién tién, cac nghién clru vé
IX dua trén poly (fluorene-alkylene) cho thiy
hinh thai nhém copolymer gitip t6i wu phan tach
pha, ting cudng kha ning dan ion va giam sy ro
ri hitu co [18]. Bén canh do, cac mang xuc tac
phu tryc tiép ciing lam giam dién tro giao dién,
mo ra kha néng Gng dung trong hé thong IX dé
duy tri dién tré suat cao va giam thleu TOC [13].
Mac du nhing két qua nay co trién vong nhung
van can c6 thém cac nghién ctru chuyén sau vé
kiém soat cdu triic va bé mit dé dong thoi nang
cao do dan ion, kha nang chdng bam ban va do 6n
dinh lau dai trong moi trudng nudc cé dién tro cao.

2.3. Mang siéu loc va tham thau nguoc

Mang siéu loc (UF) va thdm thiu nguoc
(RO) tir lau da duoc coi 1 nén tang trong san
xuat UPW, nho kha nang loai bd hiéu qua da
dang tap chét, tir ion, hat, dén hop chat hiru co.
Nguyén ly cua RO dya trén vi¢e dung ap suét cao
day nuéc qua mang ban tham, giir lai ion va chat
hoa tan, trong khi UF loai bo cac hat 16n va vi
sinh vat, thuong dugc st dung nhu budc tién xr
ly dé giam bam ban cho RO [19].

Céc nghién cuu thuc nghiém da chi ra hiéu
qua vuot troi cia hé théng nay. H¢é RO hai cép
c6 thé dat hiéu suét loai bd ~99% TOC va téng
chat rin hoa tan (total dissolved solids, TDS),
dua nong do xudng <0,1 mg/L va <1,0 mg/L
[20]. Mot hé thong tich hgp UF/RO/EDI xtr ly
nude thai tir nganh hoa dau ciing di giam hiéu
qua TOC tur 15,8 xuéng 0,11 mg/L va do dan tur
1855 xudng 1,3 uS/cm [19]. Piéu nay chimg to
RO c¢6 kha nang xir Iy ca nhitng ngudn nudc thai
phuec tap, mién 12 co su hd tro tir cac cong doan
tién xir Iy phu hop.

Tuy nhién, cac han ché cling duoc ghi nhan
1 rang. Téc mang ludn 1a thach thic 16n voi tat
ca cac qua trinh mang néi chung va RO néi riéng,
do sy hién dién cua chit hiru co va cac hop chét
sinh hoc khac. Mot s6 nghién ctru cho thdy UF
¢6 thé giam bam ban, nhung trong mot sd truong
hop, lai 1am gia ting kha ning két tia mudi trén
mang RO do loai bé cac chit phan tan tu nhién
[21]. Bé khic phuc, cac bude tién xir Iy tién tién
nhu GAC di dugc ap dung nhim giam nguy co
tic mang [8]. Ngoai ra, RO con gip han ché
trong loai bo hop chit hitu co phén tir thip nhu
céc chét khang sinh hay gdc aldehyde, v6i hiéu
sudt <50%, budc phai bd sung cac bude xir Iy sau
nhu trao d6i ion hodc quang oxi hoa dé dat chuén
UPW [22]. Bén canh d0, chi phi v¢ sinh mang va
viéc quan 1y dong co dic sau loc van 1a nhiing
van dé 16n vé kinh té va moi trudng.

2.4. Mang khit ion dién dung

Mang khtr ion dién dung (MCDI) 1a cong
nghé dién hoa dya trén nguyén Iy hip phu ion 1én
bé mit dién cuc xép khi c6 dién ap ngoai, vdi su
hd trg ctia mang trao d6i ion nham ngin chin
dong ion c6 cung dién tich. Qué trinh giai hap
duogc thyce hién khi ddo cuc, gidi phong ion va tai
sinh dién cyc. So v6i CDI truyén thong, MCDI
¢6 hiéu suét loai bo ion va hiéu suét nang lugng
cao hon nhd giam ton that ion nguoc [23].

Nhiéu nghién ctru di ching minh tinh higu
qua va kha nang trng dung cuia MCDI. Chen va
cong su [24] cho thiy hé théng nay co thé xir Iy
nhiéu nguon nudc khac nhau, tir nuéc may dén
nudce thai cong nghi€p cong nghé cao, vdi chi phi
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<0,53 USD/m® va nang luong tiéu thu
<0,68 KWh/m?3. Tsai va cong su [25] bao cdo kha
nang loai b chon loc ion da héa tri nhu Ca?* va
Mg?*, dat 6 dan sut nu6c thim <2 pS/cm, diéu
ma céc cong nghé truyén thong kho thuc hién. Mot
nghién ciru khac ciing chi ra MCDI ¢6 thé loai bo
hiéu qua silicat, nho ciu hinh dién cuc cai tién [26].

Tuy nhién, han ché 16n ctia cong nghé nay 1a
hién tugng giai hép chua hoan toan, dac biét voi
ion da hoa tri, 1am giam hiéu suit sau nhiéu chu
ky. Cac huong nghién ctiru hién nay tap trung vao
tai che dong c6 ddc trong giai doan giai hap, phat
trién dién cyc hoat tinh cao va mang trao ddi ion
méi, cling nhu tich hgp MCDI véi cac qua trinh
khac nhu tham thau thuan (FO) dé nang cao hiéu
qua thu hoi nude [27, 28].

2.5. Chung cdt mdng

Chung cit mang (MD) & mét qua trinh tach
nhiét dya trén su chénh léch ap suét hoi nudc
gilta hai phia cia mang ky nudc. Nudc ¢ pha
nong bay hoi, di qua 16 mang va ngung tu & pha
lanh, dé lai mudi va cac hop chit khong bay hoi.
Nguyén 1y nay cho phép MD dat hiéu suat loai
b6 gan nhu tuyét dbi dbi voi mudi va tap chit, ké
ca khi xtr Iy nudc ¢6 do0 mén cao hodc nudc thai
gidu mudi, von 14 thach thirc vai RO [29].

Uu diém noi bat cia MD 1a kha ning van
hanh & nhiét do thap (50 - 80°C), thich hop dé
tan dung nhiét thai hodc ning lugng mat troi,
giap giam chi phi nidng luong. Schwantes va
cong su [30] da thiét ké mot module MD sir dung
nhiét thai tir qua trinh dién phén, cho san phim
UPW c6 do dan < 3 pS/cm. Arthur va cong su
[29] wdc tinh hé théng MD két hop dién phan c6
thé tiét kiém dén 2 triéu USD méi ndm cho mot
nha may quy mé 1én. Fang va cong su [31] cling
chimg minh tinh kha thi cia hé PV - MD, san
xuat >3 gallon/m?-ngay nudc tinh khiét véi do
dan <145 pS/cm. V& mat vat liéu, Farid va cong
su [32] nhin manh vai tro ctia cong nghé nano,
v6i mang chtra 6ng nano cac-bon (carbon
nanotubes, CNT) gitp tdng luu luong nudce toi
78% va giam bam can nho lyc diy tinh dién,
dong thoi hudng t6i cac chirc ning ty gia nhiét
va tu lam sach.

Mic du 6 tiém nang l6n, MD van con nhirng
thach thirc can giai quyét. Cac mang nano tién
tién ¢o chi phi ché tao cao, kho mo rong quy mo
va can nghién ctru thém vé do bén lau dai. Ngoai
ra, vi€c tich hop MD véi cac qua trinh khac, nhu
loai bo fluoride tir nudc ngam [33], cho thay tinh
kha thi ky thuat nhung van can danh gia ky ludng
vé chi phi va hiéu qua van hanh trudc khi thuong
mai hoa rong rai.

Bang 1. Cac cong nghé GAC, IX va UF/RO san xuat UPW trong cong nghiép ban dan

N Do dan . Do dan Tai lidu
sTT | Phuong | \oudn nuee | NOREAOTOC | o pan | HiCuqua 1 gis o | Pidukien tdivu | tham
phép ban dau @ xu ly TOC - )
au xu ly khao
. 3,11-5,67 1360 o 4,3 193 ngay,
1 GAC | Nudc song my/L DOC uS/cm 50-70% uS/cm 20 °C [7]
. RO + GAC
2 | GAC Nuge 373 pg/L 755 - 0.0 1 calgon) + 1X | [12]
ngam uS/cm puS/cm + U\V/185/254
. ~100 mg/L
Dung dich 50 °C; PFOA
3 IX \ PFOA = 95 - ~70-90% - 2, [15]
PFOA mg/L TOC toi da 150 mM
) TOC: 3,0 NF-GAC-
4 | X hude mg/L; 14 g?fm P';QS > i AER;NF hé s6 | [16]
8 mg/L NF H ° thu hoi 70-80%
Nudc thai 1855 ~99,3% 1,3 Can xir Iy
5 | UFRO |~ jaikni | 198MIL | gem | sauRO) | pSlem bic ba [19]
_ RO hai cap véi
6 | UF/RO | Nuéc cip 1?2 /3|_50 - ~99% < g’/g‘;f higu suat thu [34]
9 H hdi 88%
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Béng 2. Cong nghé MCDI san xuat UPW trong cong nghiép ban dan

o1 | Neudn Chit 6 Loai | Dién | Nangluong | Hiéuqua | Dibukién Ttar:;rlﬁ“
nude nhiém mang ap yéu cau khtt ion toi wu Khio
Nudc cap, Muobi 0,014 - 0,68 0 12-60 pht,
] nuscthai | hoatan | EM | 1OV lwhme > 90% 16V [24]
. Mudi 3,161 -4,55 0 .
2 Nudée lg hoa tan FO 12V KWh/m? > 95% Tich hop FO [35]
o 1R PVDF- 0,6 - 98% tach
3 Nudc bién NaCl IEM 12V - Nacl pH 2,3-11,6 [27]
. >90% 0 ,
, .. Mudi; 0,015 RO 60 phat,
4 Nudc thai hitu co CEM 12V KWh/m? nhle::l(l)r hiru oH 6 [36]
Bang 3. Cong nghé MD san xuat UPW trong cong nghiép ban dan
N £ A A Néng i x \ . 1A Tai liéu
STT Ngu’on Chit 0 Thong ’ lugng H1¢}1 qua Qla Dlil'l kién tham
nude nhiém | lugngnuée | . ° F khtr ion thanh toi uu .
yéu cau khao
Nude 2,5 0,98-3,19 i 50 °C,
! ho TOC mL/pht 8w psS/cm pH 7 [37]
Nudc | Mudi 75% 2,62 60 °C,
2 cip canxi recovery 15 kWh <1uSlem UsD/m? pH 6 [38]
Nude 0,6 <3 uS/cm o m01 1,9 56 °C,
3 bién NaCl 2,48 LMH kWh/t noéng 46 mudi | USD/m® | 0,3 mm gap [30]

3. Hé thong tich hop véi cic cong nghé tién
tién trong san xuat UPW

3.1. Tich hop voi cac qua trinh oxy hoa nang cao

Céac qua trinh oxi hda nang cao (advanced
oxidation processes, AOPs) dua trén vi¢c tao ra
cac gdc hydroxyl (*OH) hodc cic gdc oxi hoa
manh khac, c6 kha ning phan huy hiu hét cac
hop chét hitu co thanh CO, va H;0. Trong xir ly
UPW, AOPs thuong duoc tich hgp nhu budc xur
1y sdu nham loai b6 cac hgp chét hiru co phan tir
nhdé ma RO hoac IX kho xur 1y.

Nhiéu hé théng AOPs di dugc ap dung,
trong d6 phd bién 1a UV két hop hydrogen
peroxide (UV/H;02) hoac ozone (Os/UV).
Westerhoff va cong su [39] cong bd rang AOPs
c6 thé loai bo hoan toan methanol - mot tap chét
hitu co kho xtr Iy trong hé UPW. Mot nghién ciu
khéac cho thiy viéc bo sung AOPs sau hé RO hai
cAp gitip giam dang ké TOC xubng murc <2 ppb,
dam bao dat chuan UPW [40]. Bén canh do,

AOPs con c¢6 wu diém khong tao ra san pham phu
nguy hai khi van hanh dung diéu kién.

Tuy nhién, chi phi nang luong va héa chat
van la tro 'ngai khi trién khai quy m6 lon. Ngoal
ra, mot s6 gbc oxi hoa co thé phan ung voi vat
liéu mang hodc nhya trao di ion, 1am suy giam
tudi tho thiét bi [41]. Do d6, AOPs thuong duoc
sir dung nhur mot cong doan b sung trong chudi
xtu ly, thay vi giai phap doc lap.

3.2. Tich hop véi hé thong tio va ning hrong
mat troi

Viéc san xuat UPW cho nganh ban dan tiéu
ton mot lwong 16n ning lu’o‘ng va nuoc, do do
tich hop cong ngh¢ mang v6i nang lugng mat
troi va vi tao 1a hudng di tiém ning nhim nang
cao tinh bén viing. Mt trong cac giai phap dang
dugc quan tam 1a két hop xir I sinh hoc bang vi
tao voi hé thdng mang. Vi tao co kha ning hap
thy chat dinh dudng va CO,, dong thoi tao ra sinh
khéi c6 thé khai thac cho cac muc dich khéc, tir
do6 giam chi phi van hanh [42, 43].



8 N. D. Viet et al. / VNU Journal of Science: Earth and Environmental Sciences, Vol. 41, No. 2S (2025) 1-11

Bén canh d6, nang luwgng mat troi cling dugc
nghién ctru rong rai nhu ngudn cung cip nhiét va
dién cho cac qua trinh mang. Trong cong nghé
MD, nguén nhiét mat troi c6 thé thay thé ning
luong héa thach, giam dang ké chi phi va phat
thai CO.. Hé théng cho phep san xuét lién tuc
nude siéu sach voi do dan thap, dong thoi tiét
ki€ém chi phi nang luong & quy md cong nghiép
[44]. Ngoai ra, cac nghién ctru tich hgp MD véi
nhiét thai tir cdc qud trinh khéc trong nha may
ban dan ciing cho thay kha ning tiét kiém hang
triéu d6 la My moi nam [45].

Mic di 6 trién vong, cac cong nghé tich hop
vdi vi tdo va nang lugng mat trdi con ddi mat voi
nhitng han ché. Hé vi tao can dién tich 16n, kho
duy tri 6n dinh & quy mo cong nghiép, trong khi
ning lwong mit troi chiu anh hudng cua diéu
kién thoi tiét va yéu cau hé luu trit dé dam bao
van hanh lién tuc [35]. Vi vay, viéc tich hgp can
dugc can nhéc trong bdi canh cu thé cia timg nha
may ban dan, noi nhu ciu vé& d tin cay va tinh
lién tuc ludn & murc rat cao.

3.3. Tich hop voi hé thong tri tué nhan tao

Sy phirc tap cua hé thong san xuét UPW, véi
nhiéu cong doan ndi tiép nhau va yéu cau van
hanh lién tuc, khién viéc kiém soat tdi wu tré
thanh thach thirc 16n. Trong bdi canh do, tri tué
nhan tao (Al) ndi 1én nhu mot cong cy hd tro hiéu
qua. AI c6 thé thu thap va phan tich dit liéu 16n
tr cam blen trong thoi gian thuc, phat hién som
xu hudng tac mang, du doan su c¢b va tdi uu cac
thong s6 van hanh dé giam ning luong ciing nhu
chi phi hoa chat [46].

Mot s nghién ctru da chi ra tiém ning nay.
Kim va cong su [20] ung dung hoc may dé du
doan sy phat trién tic mang trong hé RO, cho
phép dua ra bién phap rua mang kip thoi va giam
30% chi phi héa chat. Cac mo hinh Al khéc ciing
dugc phat trién dé t6i wu chu ky tai sinh trong hé
IX, kéo dai tudi tho vat liéu va dam bdo on dinh
chat lwong nudc [15]. Trong cong nghé MD, Al
con c6 thé duoc dung dé diéu chinh ché d6 nhiét
va dong chay, nham duy tri théng lugng nudc
cao ma van han ché w6t mang [47].

Tuy véy, ing dung Al trong xtr ly UPW van
con moi mé va chu yeu ¢ giai doan thir nghiém.
Nhimng thach thirc hién nay bao gdm yéu cau co
s& dit liéu @i 10m, van dé tich hop AI voi hé thong
diéu khién hién c6, ciing nhu tinh minh bach va
kha néng giai thich cia mé hinh dy doan. Du
vay, Al van duoc ky vong s& déng vai tro ngay
cang quan trong trong viéc nang cao dg tin cdy
va hiu qua ctia cac hé thong san xuat UPW trong
nganh ban dan.

4. Két luan

Nganh cong nghiép ban din dang ting
truong nhanh chong va dugc dy bao sé tré thanh
mot trong nhitng linh vuc c6 gid tri giao dich 16n
nhit toan ciu trong vai thap ky téi. Nhu cau vé
nudc siéu tinh khiét trong san xuét ban dan ciing
theo d6 tang manh, trong khi cac tiéu chuan chét
lugng ngay cang khit khe va tinh trang khan
hiém nuéc tré nén nghiém trong hon. H¢ thong
xtr Iy UPW truyén thong, bao gdm GAC, trao doi
ion va RO da dugc tmg dung rong rii, song van
ton tai nhitg han ché trong viéc loai b cac hop
chat hiru co phan tir nho, chi phi nang lugng cao
va nguy co 6 nhiém tht cap.

Su xuét hién clia cic cong nghé méi nodi nhu
MCDI va MD mo ra trién vong dang ké nho kha
nang van hanh & dleu kién nang luong thap, hi¢u
qua loai bo cao va tiém ning két hop véi ngudn
nang lugng tai tao. Tuy vay, nhitng cong nghé
nay cling can vugt qua thach thirc vé do bén vat
lidu, chi phi ché tao va kha nang thuong mai hoa.
Trong khi do, cac giai phap tich hgp nhu AOPs,
vi tdo - nang lugng mat troi, hay ung dung tri tué
nhan tao (AI) dang dan khang dinh vai tro quan
trong trong viéc nang cao hi¢u qua xu ly, gidm
chi phi va huéng t6i myc tiéu bén viing.

Pé dap img yéu cAu san xuét trong twong lai,
cin co cach tiép can toan dién dua trén sy két
hop nhiéu cong nghé. Viéc lua chon va tich hop
dung dén cac qua trinh mang, AOPs, ning lugng
tai tao va Al s€ khong chi gitip dam bao ngudn
cung UPW chét luong ma con gop phan xay
dung md hinh san xuét ban dan than thién moi
truong, tiét kiém ning lugng va bén viing trong
dai han.
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