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Tém tit

iy },ziét ké Box-Behnken (BBD) da duwoc sir dung dé nghién ciru dnh hwong cia cdc
thong SO van hanh den hleu suat chuyén hoa phenol boi H>O; trén xuc tac Cu/diatomite. Cac
théng s6 dau vao bao gom nong dé phenol (1 000-2000 mg/L), pH (6-8), va thoi gian phan
ung (60-180 phit). Anh huong cia cdc thong s6 nay dén do chuyén héa phenol digc mé
hinh héa va t6i wu héa bang phwong phap bé mat dap iing dwa trén BBD. Phwong phdp
BBD da chirng minh kha nang thiét lap mgt mo hinh da thirc bdc hai ¢6 do chinh xdc cao cho
do chuyen hoa phenol (R* > 0,99). Két qua 161 wu héa bang phiwong phap BBD cho thdy d¢
chuyen héa dat 95% trong cdc diéu kién t6i wu. Cac diéu kién nay bao gom nong dé phenol
ban’dau la 1000 mg/L, pH ban dau cia dung dich la 6,6 va thoi gian phan umg la 180 phut.
Chat xiic tac ciing dwoc thu hoi va tdi si dung thong qua bon chu ky lién tiép. Két qua cho
thay do chuyén hoa phenol con khodang 47,1% sau bon chu ky phan ung tai ché.

T khéa: Cu/diatomite, phicong phdp bé mdt dép irng, thiét ké Box-Behnken, xiic tdc
phan hiy phenol.
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Abstract

The Box-Behnken design (BBD) was used to study the effect of operating parameters
on phenol conversion performance by H>O: using a Cu/diatomite catalyst. Input parameters
included phenol concentration (1000-2000 mg/L), pH (6-8), and reaction time (60—180
min). The effects of these parameters on phenol conversion were modeled and optimized by a
BBD-based response surface method. The BBD method demonstrated the ability to develop a
highly accurate quadratic polynomial model for phenol conversion (R?> > 0.99). The
optimization results under the BBD method showed a conversion rate of 95% was achieved
under optimal conditions. These conditions included an initial phenol concentration of 1000
mg/L, an initial solution pH of 6.6, and a reaction time of 180 minutes. The catalyst was also
recovered and reused through four consecutive cycles. The results showed that phenol
conversion remained at approximately 47.1% after four cycles of reuse.

Keywords: Box-behnken design, catalytic decomposition of phenol, Cu/diatomite,
response surface method.
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1. Mé dau

Qua trinh oxi hoa nang cao (Advanced Oxidation Processes, AOPs) dugc cho la giai phap
thay thé hap dan cho cac quy trinh xir Iy nu6e 6 nhiém hitu co vi chiing c6 kha ning chuyen héa
cac chat 6 nhidm nay thanh céc san pham khong doc hai nhu CO; va HO. Cac AOP, chang han
nhu phan tng Fenton ¢ dién, phan tng kiéu Fenton di the quang Fenton, UV/Os, UV/HzOz va
cac qua trinh quang xuc tac TiO, dua trén viée tao ra gbc hydroxyl hoat dong (HO®), da nbi lén
nhu nhitng giai phap thay thé day hira hen cho viéc xir Iy nudc thai chira chat hitu co (Bokare &
Choi, 2014; Hussain & cs., 2021; Odabasi & Buyukgungor, 2024).

Qua trinh phan hiy H,0; xuc tac boi sit dé tao ra cac goc HO® tai chd da duoc phat
trién rong rai cho cac timg dung méi truong. Bén canh dé, cac chit xuc tac khong chira st
thay thé Fenton va kha ning phan tmg ctia chung d6i véi viée kich hoat H,O, (nhu alumium,
cerium, chromium, cobalt, copper, manganese, rutherium) ciing da dugc ung dung tich cuc
dé xur ly pham nhudm hitu co va céc chit 6 nhiém vét trong nude vi chirc ning va cau trac c6
thé diéu chinh, kha ning twong thich cao v&i méi truong va dic tinh oxi hoa-khir (Bokare &
Choi, 2014; Hussain & cs., 2021). Hoat tinh xtc tac cta cac kim loai nang cao dang ké khi
ching duoc c¢b dinh trén mot chat nén va st dung dé tao ra gbc HO® trong diéu kién pH
khong kiém soat (Dai & cs., 2021; Cui & cs., 2022; Chen & cs., 2023). Diatomite, mot loai
khoang chét xp tu nhién c6 ngudn gdc tir qua trinh hoa thach cua vo tao cat (diatom), dugc
tao thanh tu silica v dinh hinh. Do d9, diatomite c6 di¢n tich bé mit riéng cao, ciu tric mao
quan trung binh (mesoporous) va d6 6n dinh Iy héa vuot tréi. Nho nhitng uu diém trén, ciing
Vi trir lwong doi dao, gia thanh thap va ban chat than thién v6i mdi truong, diatomite 13 vat
liéu hd trg déy htra hen cho cac hat nano xtUc tac trong cac ung dung thuc té (Dai & cs.,
2021). Ngoai ra, hi¢u suét cia qué trinh xuc tac con phu thudc vao cac thong s6 van hanh,
nhu néng do chit 6 nhidm, liéu lugng chét xtc tac, pH dung dich, nhiét d9, thoi gian phan
ng,... Tuy nhién, hau hét cac nghién ctru chi khao sat cac yéu to anh huong dén hiéu suét
phan huy mét cach don 1€, do d6, viéc t8i wu hoa céc thong $6 nay la rat quan trong dé dat
dugc su phan huy xuc tac hiéu qua dbi voi chat 6 nhiém hién c6. Mot trong nhimg k¥ thuat
t6i wu hoéa duge st dung rong rdi nhat cho muc dich nay 1a phuong phap bé mat dép tmg
(response surface methodology, RSM).

RSM 1a mot tap hop cac k¥ thuat théng ké va toan hoc dugc st dung dé cai thién thiét
ké quy trinh hién tai, ciing nhu thiét ké thi nghiém va t6i vu hoa quy trinh. Bang cach thay
d6i co hé thong tat ca cac bién sd ciing mét luc, né duoc cong nhéan 1a phuwong phap thong ké
thuc nghiém va dang tin cay nhit dugc sir dung dé danh gia tac dong cua cac thong s quy
trinh khac nhau dén hiéu suét ciia qua trinh. Hon nira, bang cach phat trién mo hinh toan hoc
(ham tuyén tinh, ham da thirc bac hai,...), co thé xac dinh mérc do anh hudng cia tung tham
s6 dén hiéu qua qué trinh va nghién ctru sy tuong tac gitra chung. Loi ich quan trong nhat
clia viéc sir dung RSM 1a né cung cap mot phuong phip co hé théng dé thiét ké cac thi
nghiém, thudng yéu cau it thi nghiém hon va do do, tiét kiém thoi gian hon (Seloglu & cs.,
2024). Bé thiét ké cac thi nghiém nay, thiét ké Box-Benkhen (BBD) dugc sir dung rong rai
dé t6i wu hoa. BBD 1a mot thiét ké thi nghiém va mé hinh phi tuyén tinh cta phuong phap bé
mit dap ing duge Box va Behnken phat trién vao nim 1960 (Box & Behnken, 1960). BBD
tao ra mot ma tran thuc nghiém can thiét cho su két hop cac diéu kién thong $6 qué trinh.
Thiét ké nay giap phat trién mo hinh bé mat dap ung bac hai, dugc sir dung dé uéc tinh hodc
du doan cac gia tri dap tng (Aliemeke & Oladeinde, 2020). Salem-Gaballah & cs. (2024) da
sir dung hé xtic tac/chat mang méi ¢ tic dong nhu thude thir Fenton di thé cho qué trinh oxi
hoa phenol trong nudce thai. Trong d6, CuFe;O4 (ki hi¢u CuF) dugce téng hop thong qua ky
thuat sol-gel dé lam chét xuc tac cho qua trinh Fenton dj thé. Sau d6, CuF dugc c¢d dinh vao
chat mang cao su tro (nitrile butadiene rubber, NBR) bang may ché bién cao su nghién ho.



Dong Thap University Journal of Science, Online First (2026): 1-14

Qua trinh oxi hoa phenol trong nudce thai tong hop duoc thyc hién trong bé phan tng khuay
lién tuc 1 L tiéu chuan Céc diéu kién van hanh khac nhau nhu thoi gian, pH va nong do chat
oxi héa di dugc tdi uu hoa bang cach sir dung BBD. Ty 1¢ H,Ox/chét xtic tac (w/w) thay doi
trong khoang tir 10-20, thoi gian tiép xuc tir 60-90 phat va pH tir 3 dén 5, trong khi ndng do
phenol ban dau trong dung dich nudc duge ¢d dinh & mirc 300 ppm. Biéu dd RSM di ching
minh kha ning loai bo phenol dat 85,4% & gia tri tdi da tai cac théng sd van hanh t6i vu lan
luot 14 4,208, 14,35 va 69,568 d6i v6i pH, H2O»/chét xuc tac va thoi gian tiép xtc. Qua trinh
quang xuc tac phan hiy phenol trén xic tdc ZnO ciing da dugc Seloglu & cs. (2024) nghién
ctru. Thyc nghiém nay duoc tién hanh trong 16 phan tmg quang xuc tac hinh try cip khi theo
mé va thiét ké hdn hop trung tim (central composite design, CCD) di dwoc chon va phan
tich br:ing RSM. Téc dong cua néng do6 phenol ban dau, néng dd chat xuc tac, tbe do luéng
khong khi va thoi gian phan huy dbi voi qué trinh quang xtc tac phan hiy phenol va hiéu
qua loai bo tong lugng cacbon hitu co (total organic carbon, TOC) di duoc cac tic gia nay
khao sat. P chinh xac ctia mé hinh da dugc thir nghiém ddi véi ndng do phenol ban dau 1a
100 mg/L trong diéu kién ti wu, bao gdm ndng do xuc tac 1a 8 g/L, tbc do ludng khi 14 0,3
L/phut va thoi gian phan hiy la 105 phat. M6 hinh dy doén hi€u qua phéan huy lan lugt 1a
79,66% va 61,05% ddi véi phenol va TOC. Thuc nghiém cho thiy trong diéu kién tdi wu,
hi€u qua loai bd cao nhat dat duoc d6i voi phenol va TOC lan luot 1a 77,15% va 59,87%.
Két qua thu dugc tir thyc nghiém, trong cing diéu kién ti uu, gn gidng voi cac két qua du
doan ctia mo hinh, diéu d6, khiang dinh d6 tin cdy ctia mé hinh.

Phenol 1a mét chat giy 6 nhiém pho bién trong chit thai cong nghiép va ciing dugc
cho 12 m6t san phim trung gian trong qua trinh oxi hda cac hydrocarbon thom c6 khéi lwong
phan tir cao hon (Salem-Gaballah & cs., 2024). Do d6, phenol thuong dugc xem 1a mot hop
chat mau dé xir 1y nudc thai. Composite Cu/diatomite dd dugc ching t6i tong hop thanh
cong bang phuong phap phap thity nhiét tir phan tmg thiy phan cia mudi Cu®* va diatomite.
Hoat tinh xtc tac oxi héa phenol trong dung dich nudc cia composite Cu/diatomite ciing da
dugc dénh gia (Huynh & Pham, 2025). Trong nghién ctru nay, tac dong cta cac yéu té van
hanh dén d6 chuyén hoa phenol boi H,O, trén xtc tac Cu/diatomite s& dugc khao sat. Nghién
ctru ndy sir dung BBD dé t6i vu hoa ba thong sb qua trinh (gdm nf)ng d6 phenol ban dau, pH
ban dau cua dung dich, va thoi gian phan ng) voi bién phan hdi cua chung (46 chuyén hoa
phenol). Myc tiéu chinh cua nghién ctru 1a t6i wu hoa d6 chuyén hoa phenol thong qua viéc
xac dinh cac yeu td anh huong dén qua trinh, danh gia su tuong tac giira cac yéu td nay va
mo hinh héa két qua bang toan hoc.

2. Thuc nghiém
2.1. Diéu ché chit xuc tac

Cu/diatomite dugc didu ché theo quy trinh da dugc cong bd trong bai bao trude day
cua chung t6i (Huynh & Pham, 2025). Cac budc thyc hién nhu sau: nho tir tr 30 mL dung
dich chira 10,0 mmol Cu(NOs),:3H,0 (= 99,0%, Merck, India) vao 150 mL nudc cAt dang
soi dé tao ra h¢ keo cta kim loai. Cho 2,0 g diatomite (Tuy Hoa, bik Lék) vao binh Teflon
(c6 boc thép voi dung tich 200 mL) 1oi chuyén toan bd hé keo vao binh Teflon. Pat binh
Teflon c6 chtra hon hop phan tng trong ti say ¢ 120 °C trong 24 gi¢. Sau do, lam ngudi binh
phan g, loc 1dy san pham ran, rira vai lan voi nude ct, siy kho ¢ 100 °C thu dugc vat lidu
xuc tac.

2.2. Phan hiy phenol

Mot luong xac dinh Cu/diatomite dugc tron vao 100 mL dung dich phenol (= 99,0%,
Merck, Germany) & nong d6 va pH xac dinh (pH cta dung dich dugc diéu chinh bang cach
st dung HCI 0,1 M hodc NaOH 0,1 M) va 2 mL H>O; 30% (w/v) (Merck, Germany). Phan
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g dugc thue hién ¢ 50 °C trén may khudy tir gia nhiét va c6 gan sinh han hoi lvu. Sau mdi
khoang thoi gian xac dinh, 5 mL dung dich duogc léy ra, loc dé loai bo chit xtc tac, n6ng do
ctia phenol con lai trong dung dich duge xac dinh bang phwong phap sic ky 16ng hiéu ning
cao (HPLC) trén may UFLC Shimadzu (Japan). Diéu kién thyc nghiém: detector SPD-20A
quét & budc song 254 nm, cdt Shim-pack GIST C18 (kich thudc hat 5 um, kich thudc cot
4,6x250 mm, Shimadzu, Japan), hé dung méi acetonitrile/methanol/nuée véi ti 18 1/1/8 vé
thé tich, toc d6 pha dong 1 mL/phut, thé tich bom mau 20 pL. Do chuyén hoéa phenol (D%)
duoc tinh theo cong thuce (1).

So—S
D%=(Os—t)x100 (1)
0

Trong d6, So va Si 1a dién tich peak phenol twong tmg v6i thoi diém ban dau va thoi
diém ¢.

2.3. Thiét ké thi nghiém Box-Behnken

Thiét ké thi nghiém cac yéu t6 dugc str dung dé t6i wu héa do chuyén hoa phenol. Cac
thiét ké theo phuong phap bé mat dap tmg cho phép udc tinh twong tic va ca hiéu tmg bac
hai, va do d6 cho biét hinh dang (cuc bd) ctia bé mit dap tmg dang dwoc khao sat. BBD c6
hiéu qua t6i da cho mot bai toan theo phuong phap bé mat dap ung lién quan dén ba yéu t6,
gom nong do phenol ban dau (A), pH (B), va thoi gian phan ung (C). Thiét ké thi nghiém (ba
yeu t6 & ba mirc do) dugc thuc hién bang phan mém Minitab 16. Bang 1 thé hién cac bién
dau vao ciia md hinh. Theo cong thirc N=2k(k—1)+Co, trong d6 k 1a s6 bién (yéu td) va Co 1a
s6 diém trung tam (Ferreira & cs., 2007), tong s thi nghiém 1a 15, trong d6, sb lwong thi
nghiém tai tam 1a 3. Ma trén thiét ké thi nghiém thuc té duoc thé hién trong Bang 2 (m5i thi
nghiém chi thuc hién mot lan).

Bang 1. Ma tran thiét ké Box-Behnken

Murc
Yéu té (Pon vi) Ky hiéu
Thap (1) Trung binh (0) Cao (+1)
Néng do phenol (mg/L) A 1000 1500 2000
pH B 6 7 8
Thoi gian phan tng (phut) C 60 120 180

3. Két qua va thio luin
3.1. Tinh chit dic trung va hoat tinh xtc tac ciia vat liéu

Gian d6 XRD cua diatomite va composite Cu/diatomite c6 dang twong tu nhau véi
peak nhiéu xa tu tap trung & 20 tai 20-25°, day la nhiéu xa dic trung cua silica vo dinh hinh
(Dai & cs., 2021), va khong quan sat thiy nhiéu xa dic trung ndo cua cac kim loai (Hinh la).
Nguyén nhan c6 18 1a do déng oxide dugc hinh thanh véi kich thudc rat nho, tham chi 1a
phan b déu trén bé mat cua diatomite (Huynh & Pham, 2025), d6 két tinh thip.
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Phd FT-IR cua diatomite va composite Cu/diatomite ciing c6 dang twong ty nhau
(Hinh 1b). Peak hép thu tai 1100, 797 va 470 cm™ dic trung cho cac dao dong cua lién két
Si—O-Si. Cac peak nim trong ving 3700-3200 cm™ va tai 1637 cm™' dic trung cho dao
dong cua lién két O—H, gdbm Si—OH, Me—OH (Me 1a kim loai) va H»O hap phu tu do. Peak
tai 533 cm™! dugce quy cho dao dong hoéa tri cua lién két Me—O (Dai & cs., 2021). Peak ¢
1383 cm™ dugc cho 1a do ¢6 sy 1an cua mot vai hop cht hitu co (Liu & cs., 2020). biéu
dang cha y 1a cuong d6 cua cic peak hip thu nay cia Cu/diatomite thip hon so véi
diatomite. Nguyén nhan ciia vin dé nay duoc cho 13 do sy twong tac hoa hoc giita cic nhom
silanol bé mat véi cac oxide dong (Caliskan & cs., 2011).

Tinh chat xdp va su phan b mao quan cua vat liéu dugc danh gia bang phuong phap
hap phy-khtr hap phu nitrogen ¢ 77 K, két qua dugc trinh bay ¢ Hinh Ic va 1d. Puong dang
nhiét ctia hai mau déu thudc kiéu II va cd vong tré loai H3, chi ra sy ton tai dong tho1i cia cac
mao quan 16n véi mao quan trung binh dugc hinh thanh do sy két tu cua cac tAm hodc hat co
canh giéng hinh khéi (Leofanti & cs., 1998). Composite Cu/diatomite c6 cdc mao quan véi
duong kinh chimg 3,8 nm, trong khi ctia diatomite tap trung & 4,3 nm. Dién tich bé mat riéng
cua diatomite 1a 55,4 m*/g, composite Cu/diatomite 1a 44,7 m?/g. Dién tich bé mat cua
Cu/diatomite thap hon c6 thé duoc giai thich 1a do sup d6 mot phan ciu tric mao quan cua
diatomite trong qua trinh bién tinh vat liéu.

Thanh phéan héa hoc cia diatomite va composite Cu/diatomite dugc xac dinh bﬁng
EDX (Hinh le va 1f). Két qua phan tich cho thdy diatomite chu yéu gébm O, Si, Al, Fe; noi
bat 1a ham luong nguyén t6 Si, O. Pdi véi composite Cu/diatomite, ngoai cac nguyén tb
chinh trén, Cu dugc phat hién véi ham luong rat nho, chi chiém khoang 0,91% vé khdi
luong. Nguyén nhan duogc cho 1a do Cu(Il) ¢6 hang sé thity phan thap (gia tri hang sd thiy
phéan thir nhat cua Cu(Il) 1a 11 = 107% (Brown & Ekberg, 2016), nén sy thiy phan dé tao
dong hydroxide xay ra it, va do do, ham lugng Cu dugc gin trén composite Cu/diatomite
nho. Tuy nhién, sy xudt hién nguyén t6 Cu trong composite chi ra rang qu4 trinh bién tinh da
gan thanh cong nguyén t6 Cu 1én nén diatomite.

o -
8] @| = v Ee c)
1 Culdiatomite w1
— e &
— = \ \ kS
w . . &£ \ E
a Culdiatomite = \ N N ¥}
o g - Diatomite = Cu/diatomite
- 2 \| z
35 | c \ v c
o B3 - o
> = g
Eq 8/ =
© m_‘ Diatomite 2 g /
AP gl . Diatomite
E s = Hép phu
. = S ——Khir hap phu
1 2 i hat L " o 4000 3500 3000 2500 2000 1500 1000 500 o i o P o A
20 (d8) A i b e !
séséng (cm') Ap suét tweng ddi (p/p,)
350 35 40 .
- 3, Diatomite | o | s Culdiatomite
B 00 .3 (d) ] (e) w0y [ 0] 8 (f)
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Hinh 1. Tinh chét diic trung cua diatomite va composite Cu/diatomite: Gian dé XRD
(a), pho FT-IR (b), duwdng dang nhiét hap phu-khi hap phu nitrogen (c), dwong phan
b6 kich thuwéc mao quan dwge xac dinh theo phwong phap BJH (d), phé EDX (e va f)



Dong Thap University Journal of Science, Online First (2026): 1-14

Hinh 2. Anh SEM va TEM: a va c) Diatomite, b va d) Cu/diatomite

Anh SEM va TEM cua diatomite ty nhién (Hinh 2a va 2c¢) cho thiy rang céu trac
chinh cua diatomite c6 dang dia tron va c6 nhiéu mao quan nho trén bé mit véi duong kinh
chirng 50 nm. Tuy nhién, nhiing ciu tric nay khong tinh khiét va mot phan bi v& ra lam cho
c4c mao quan nho hon va thdm chi bj tét nghén. Dbi voi composite Cu/diatomite, ta thdy co
nhidu manh vun hon so véi diatomite ban dau (Hinh 2b), nguyén nhén c6 thé 1a do sy tac
dong cua thuy nhiét trong qua trinh diéu ché composite. Su xuit hién cum mau den ddm trén
nén diatomite duoc quan st tir anh TEM cua Cu/diatomite (Hinh 2d) dugc cho 1a dang ton
tai cua Cu trong composite.

Hinh 3a trinh bay d¢ chuyén hoa phenol dudi cac diéu kién khac nhau. Cé thé thiy
rang phenol kha bén dudi tac dong ctia H,O,, D% chi dat 4,1% sau 240 phiit phan tng. Vi
su hién dién cua diatomite, phenol ciing bi chuyén hoéa rét thap (D% dat 8,2% sau 240 phut
phan ung), chi ra ring diatomite hiu nhu khong c6 hoat tinh xtc tac trong diéu kién nay, mic
du n6 c6 chira nguyén t6 st (khoang 2,25%, Hinh le) c6 thé kich hoat H>O». Trong khi do,
d6 chuyén hoa phenol tang dang ke khi c6 mat cua Cu/diatomite (D% dat dugc 94% sau 240
phut phan tng). Diéu nay chi ra ring nguyén t6 Cu trén nén diatomite di dong vai trd nhu
cac tam xuc tac trong phan tng oxi hoa phenol bdi H,O,.

Hinh 3b trinh bay anh huéng ctia pH dung dich ban dau dén do chuyén héa phenol. Co
thé thdy rang D% khong khac nhau nhiéu khi pH thay ddi tir 4 dén 6, phenol bi chuyén hoa
kha cao (> 96,3%) chi sau 60 phut phan ng. Téc d chuyén hoa giam manh ¢ pH 7-9. O pH
9, D% chi dat duoc 20,9% sau 180 phut phan @ng. Diéu nay chi ra ring qua trinh kich hoat
H,0 xay ra khong thuan loi trong méi truong kiém. pH cia dung dich sau phan ung giam
dang ké, dat dén 2,4-2,7 khi pH ban dau nam trong khoang 4—8 (chén trong Hinh 3b).
Nguyén nhén 1a do su tao thanh carboxylic acid tu qué trinh oxi hoa phenol. Méc du do
chuyen hoa phenol dat hiéu suat cao trong khoang pH thap (pH 4- 6), nhung pH ban dau thap
¢6 thé anh huong dang ké dén su bén viing ctia chét xuc tac, co thé rira troi cac kim loai trén
xuc tac va chuyén hé xtc tac di thé thanh hé dong thé. Do d6, khoang pH 6-8 dugc lua chon
dé khao sat toi uu héa hiéu suat phan hay phenol.
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Quan sat sic ky d6 HPLC ctia dung dich phan tmg (Hinh 3c) cho thdy chi ¢6 phenol
va H,0; trong dung dich phan tmg & thoi diém ban dau Sau 60 phut phan tng, peak dac
trung cho phenol giam manh, lac nay, trong dung dich t6n tai mot s6 san pham khéc ngoai
phenol va H,0,, bao gdm hydroquinone, catechol va cac carboxylic acid. O 240 phut, peak
dic trung cho phenol con lai rat nho, dong thoi peak dic trung cho hydroquinone ciing giam
manh, trong khi do, cac peak dic trung cho cic carboxyl acid c6 sd carbon thap ting lén.
Diéu nay cho thdy qua trinh oxi hoa khong chi chuyén hoa phenol, ma con phan hity céc san
pham trung gian duoc tao ra trong qua trinh phéan ng.
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Hinh 3. P chuyén héa phenol sir dung H>O; lam tién chit oxi héa: a) Diéu kién xuc tac
khac nhau (pH ban diu ciia dung dich ~7,2); b) Cé mit xiic tac Cu/diatomite véi pH
ban déu ciia dung dich khac nhau; ¢) Sic ky d6 HPLC ciia dung dich phan éng oxi héa
phenol béi H,0; trén xic tac Cu/diatomite; d) Bién thién TOC ciia dung dich phenol
sau khi bi oxi h6a (Piéu ki¢n phan wng: 100 mL phenol c6 nong d9 1000 mg/L; 2 mL
H,0; 30%:; 0,1 g chét xtc tac; nhiét d9 phan ving 50 °C)

Két qua phan tich TOC cho thdy hiéu qua phan huy va khoang hoa phenol rat 1o rét
theo thoi gian (Hinh 3d). Ban dau, dung dich c6 TOC 778,1 mg/L. Sau 180 phut phan tng,
TOC giam xubng con 72,9 mg/L, dat hiéu suit loai b khoang 90,6%, chimg minh phenol va
cac san phdm trung gian d& phan huy dd bi oxi hda manh. Khi thoi gian kéo dai dén 240
phat, TOC chi con 23,5 mg/L, tuong Gng v6i hiéu sudt loai bo khoang 97,0%, cho thiy gan
nhu toan bd carbon hitu co di dugc khoang héa thanh CO, va H,O. Két qua nay khing dinh
qué trinh oxi hoa khong chi hiéu qua trong viéc chuyén héa phenol ma con dam bao loai bo
triét dé cac hop chét hitu co bén hon, mang lai kha nang lam sach méi truong nudc & mic do
cao. Cac két qua nay chimg minh rang vat liéu Cu/diatomite c6 hoat tinh xuc tac cao, c6 thé
xuc tic dé phan hay hoan toan phenol tao thanh cac acid don gian, hay c6 thé khoang hoa
hoan toan phenol dé tao thanh CO, va H,O néu kéo dai thoi gian phan tmg.
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Bang 2. Gia tri thue nghi¢ém Box-Behnken ddi véi D%

Bién mi héa Bién thue D%
STT Néng dp Thoigian 'y o Dy
A B C phenol mg/L) pH phin mg nghiém doan
(phut) -
1 +1 0 +1 2000 7 180 60,01 60,23
2 +1 0 -1 2000 7 60 29,03 28,58
3 -1 0 +1 1000 7 180 92,55 93,00
4 -1 0 -1 1000 7 60 60,57 60,35
5 0 +1 +l1 1500 8 180 58,75 58,18
6 0 +1 -1 1500 8 60 7,33 7,44
7 0 -1 +1 1500 6 180 68,61 68,50
8 0 -1 -1 1500 6 60 54,37 54,93
9 +1 +1 0 2000 8 120 29,39 29,72
10 +1 -1 0 2000 6 120 58,49 58,37
11 -1 +1 0 1000 8 120 61,61 61,73
12 -1 -1 0 1000 6 120 91,24 90,90
13 0 0 0 1500 7 120 48,12 48,40
14 0 0 0 1500 7 120 48,73 48,40
15 0 O 0 1500 7 120 48,36 48,40

(Cdc diéu kién thure nghiém dwoc coé dinh trong phdn iing gom: liéu leong chat xiic tdc
Cu/diatomite la 1,0 g/L; nong dé H:0: la 6,6 g/L va nhiét d¢ phdn g ¢ 50 °C)

Dua trén cac tai liéu (Bokare & Choi, 2014; Seloglu & cs., 2024) va két qua phan tich,
co ché cua qua trinh phan huy phenol bai H,O, trén xuc tac Cu/dlatomlte c6 thé xay ra theo
Phuong trinh (2—4).

Cu*" + H;0, — Cu* + HO,* + H' ()
- Cu' + H,0, + E‘F — Cu** + HO* + H,0 (3)
OH HOOOH
OH* OH* OH"®
> OH — » carboxylacid ......._. » CO,+H,0 (4)
OH

3.2. T6i wu hoa dd chuyén héa phenol trén xiic tac Cu/diatomite sir dung BBD

Trong phan nay, qué trinh oxi hoa phenol bai H,O, trén xtic tac Cu/diatomite duoc
tiép tuc str dung dé khao sat. Két qua xac dinh do chuyén hoa phenol cta 15 nghién ctru thuc
nghiém dugc dua ra trong Bang 2. Gia tri D% thyc nghiém dugc tim thdy trong khoang
7,33-92,55%. Viéc phan tich dir liéu duoc thuc hién bang phin mém Minitab 16. Dé phan
tich ding cach, can xem xét cac gia dinh sau: (a) Phan du c6 phan phdi chuén véi gia tri
trung binh bang 0, (b) phuong sai khong ddi, va (c) phan du doc 1ap (Ghasemi & cs., 2020).
Két qua cua phan nay dugc thé hién trong Hinh 4. Hinh 4a hién thi biéu dd xac suét chuin
ctia phan du tir phép khép binh phuong nho nhit. Cac diém nay tao thanh mot dudng thang,
xac nhan ring sai s6 gan bang 0. Hinh 4b hién thi biéu do phén tan ngau nhién cia phan du
s0 v6i cac gia tri duge khop. Biéu db nay cho thdy khong co bat ky mau rd rang nao. Cac két
qua dyu doan dugc phan tan ngiu nhién xung quanh cac dudng s6 0 (phia trén va phia dué6i
truc X), diéu nay hd tro tinh pht hop ciia md hinh duoc dé xuét. Hinh 4c hién thi tin sb coa
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phﬁn du, va nd xac nhan ré'mg khong c6 gia tri ngoai 1€ nao trong dit li€u. Cudi cung, Hinh 4d
hién thi cac phan du dugc sap xép dao dong theo mot mau ngiu nhién xung quanh cac duong
s6 0. Cac phan du phan tan ngiu nhién trong khoang (-0,5-0,5), cho thay méi twong quan tot
giita thyc nghiém va 1y thuyét (Dam & cs., 2025).

(a) Normal Probability Plot (b) Versus Fits
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Hinh 4. Biéu do phin dw ciia dd chuyén héa phenol

Y nghia ciia mo hinh bac hai va cac s hang ciia phuong trinh phan dnh ham muc
tiéu da dugc xac dinh bang phén tich phuong sai (ANOVA) va duoc trinh bay trong Bang 3.
Heé s twong quan binh phuong (R?) cta phuong trinh hdi qui thu duoc 12 0,9998. Gia tri R?
hiéu chinh va R? dy doan 1an luot 1a 0,9993 va 0,9966. Cac gié tri hé s6 tuong quan x4p xi 1
chi ra su phu hop tdt gitta cac gia tri Iy thuyét va thuc nghiém (Dam & cs., 2025; Fdez-
Sanroman & cs., 2023). Phuong trinh mé hinh (Phwong trinh 5) ¢6 thé dugc viét nhu sau:

D% = 371,585 — 0,183 A — 22,926 B — 0,778 C + 5,01.10~5 A*A — 0,751 B*B
—1,09.10"# C*C + 2,65.10* A*B — 8,34.1076 A*C + 0,155 B*C (%)

Trong d6: A 1a ndng d6 phenol ban ddu (mg/L), B 12 pH ban dau cua dung dich va C
la thoi gian phan rng (phut).

Vé mit thong ke, gla tri p thap (< 0,05) biéu thi y nghla ciia mot mo hinh hodc tham
s6. Do do, trong viéc giai thich két qua kiém dinh phwong sai, ngudi ta biét ring cac bién doc
1ap co gia tri p < 0,05 c6 hiéu qua d6i v6i biéu hién ciia mo hinh. Trong khi, gi tri p > 0,1
chi ra rang hé s6 d6 khong c6 ¥ nghia (Seloglu & cs., 2024; Fdez-Sanroman & cs., 2023).
Gia tri F cua mé hinh hdi qui 1a 2327,00 cho thiy mé hinh c6 y nghia ¢ murc p = 0,000 (<
0,001). Gia tri F thiéu phu hop (Lack-of-Fit) 1a 4,99 va gia tri p lién quan 1a 0,171 (> 0,05) la
khong dang ké do sai sb thuan tiy twong ddi, do d6 xac nhan tinh hop 1& ctia mo hinh
(Ghasemi & cs., 2020; Seloglu & cs., 2024; Fdez-Sanroman & cs., 2023). Vi vdy, m6 hinh
bé mit dap ung duqc phat trién trong nghién ctru nay dé dy doan d(} chuyén hoa phenol duoc
coi 1a dat yéu cau. Tuy nhién, tir Bang 3 c6 thé thdy rang anh hudéng tuong tic B*B, C*C,
A*B va A*C 1a khong c6 y nghia, cic s6 hang con lai trong Phuong trinh (5) déu ¢ y nghia
(»<0,01).
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Cac hiéu ung két hop cua ndng dd phenol ban dau (A), pH dung dich (B) va thoi gian
phan tng (C) dbi v6i D% duge mo ta trong Hinh 5. Cac biéu do ‘nay co the duoc hiéu 1a bleu
dién d6 hoa cua phuong trinh mé hinh hoi quy dugc su dung dé giai quyet cac diéu kién toi
uu cua cac yeu t6 va thuong duoc ap dung dé chimg minh sy hiéu biét vé cac loai twong tac
giita cac bién c6 thé duoc sir dung dé cai thién do chuyén hoa phenol (Seloglu & cs., 2024).
C6 thé thiy rang su gia ting pH ban dau cta dung dich (B) luén lam giam D%; ‘nguoc lai,
D% ludn tang khi kéo dai thoi gian phan Gng (C). Tuy nhién, D% c6 xu hudng bién ddi theo
kiéu duong cong, lac dau giam dén, sau d6 ting nhe, khi ting nong do phenol ban dau (A).

Hinh 5. Biéu do Qé mit dap wng ciia D% véi cac s6 hang twong tac: ndng dd phenol
ban dau (A), pH ctia dung dich (B) va thoi gian phan ung (C)

Muc tiéu chinh cta t6i uu hoa 1a xac dinh cac gia tri t8i wu cua cac bién doc 1ap. Ham
mong mudn 12 mot phwong phap phd bién dugc sir dung dé danh gia bé mat dap tng tbi uu
hoa. Cac gia tri du doan thu dugc tir dap ing duoc chuyén d6i thanh mot thang do khong thir
nguyén d. Ham mong mudn nam trong khoang tir d = 0 d&én d = 1, véi 0 biéu thi cac gia tri
dap ung khong thé chip nhan duoc va 1 phan anh mot dap ng hoan toan mong mudn
(Alhajabdalla & cs., 2021). Qua trinh t6i wu hoa cho thay gia tri D% cuc dai 1a 97,54% duogc
du doan boi phan mém Minitab (v. 16) cho ba thong sd qua trinh tim thay lan luot 1a 1000
(mg/L), 6 va 180 (phit) twong tmg v&i ndng do phenol ban dau, pH va thoi gian phan tng.
Tuy nhién, gi4 tri mong mubn d = 0,75417 chi ra mot dap ng chwa thoa man (Hinh 6a).
Bang cach nhim muyc tiéu dat dugc do chuyén héa phenol 1a 95%. Két qua téi wru hoa dugce
thé hién trong Hinh 6b cho thiy gia tri mong mudn d = 1,0000 chi ra mot dap g hoan toan
théa man. Gia tri cuc dai cuc bd tot nhat duoc tim théy o néng dd phenol ban dau 1a 1000
mg/L, pH ban diu cta dung dich 14 6,6 va thoi gian phan ung 14 180 phut. O cac diéu kién
nay, thuc nghi€ém cho thay gia tri D% dat duoc (95,5 £ 1,0)%. Két qua thu dugc bang thuc
nghiém, trong cung diéu kién, gan giéng véi két qua du doan ctia phan mém, didu d6 khing
dinh d¢ tin cay ciia m6 hinh.

Bing 3. Két qua phan tich phuong sai ciia mé hinh hdi quy Box-Behnken dbi véi D%

Nguon H¢ s6 F-value p-value Ghi chu
Regression 2327,00 0,000 Co y nghia
Linear 461,25 0,000 C6 y nghia
Constant 371,585 0,000 Co y nghia

A -0,183 1126,36 0,000 Co6 y nghia

B -22,926 28,83 0,003 Co6 y nghia

C -0,778 355,66 0,000 C6 y nghia
Square 615,06 0,000 Co6 y nghia

A*A 5,01013E-05 1793,84 0,000 Co6 y nghia

B*B -0,751 6,45 0,052 Khong c6 ¥ nghia
Cc*C -1,08509E-04 1,74 0,244 Khoéng c6 y nghia
Interaction 356,93 0,000 Co y nghia

A*B 0,000265 0,22 0,661 Khoéng c6 ¥ nghia
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A*C -8,33846E-06 0,78 0,419 Khong c6 y nghia
B*C 0,155 1069,79 0,000 Cé y nghia
Lack-of-Fit 4,99 0.171 Khong c6 y nghia
R’ 0,9998
R’ pred. 0,9966
R’ adj. 0,9993
(a) (b)
Optimal g 20000 80 180.0 D"%“‘a' High| 2000.0 80 1890
o] GG & g |lewE R o i
ety Desaciy
0.75417 1.0000

_ti 7 ) i:ﬁi __________ i

D% o
Maximum Targ: 95.0
y = 97.5417 y =950
d =0.75417 d = 1.0000

Hinh 6. Tdi wu héa cac thong sé cho dd chuyén héa phenol béi H20; trén Cu/diatomite:
a) D% dat gia tri cwc dai, b) D% nham muc tiéu 95%

3.3. Tai sir dung chit xuc tac

Kha ning tai str dung 1a mot yéu t& quan trong dbi v6i chat xuc tac di thé. Céc thi
nghiém vé viée st dung chét xuc tac 1ap lai da duoc thyc hién. Sau khi loai boé phenol, chét
xuc tac dugc st dung trong thi nghiém da duoc ria béng nudc cat, séy kho dé tai sir dung.
Céc thi nghiém dugc tién hanh bén 14n trong diéu kién t6i wu di dugc xac dinh & trén. Két
quéa dugc thé hién trong Hinh 7. C6 thé nhan thdy ring d6 chuyén hoa phenol chi giam nhe
sau 1an tai ché thtr hai (tir 95,5% xudng con 90,5%), sau do, giam manh, va do chuyén hoa
chi dat dugc 47,1% & chu ky tai st dung thir tu. Su suy giam hoat tinh xtic tac cia vat liéu,
dic biét 12 ¢ 1an tai st dung thu tu, co thé 1a do cac kim loai trong chét xtc tac bi rira trdi sau
mdi chu ky thi nghiém béi moi trudng acid duoc tao ra sau phan tng (xem Hinh 3b).

1004 95.48299

90.53284

801 72.48069

47.05252

40

20

Lan st dung

Hinh 7. P chuyén héa phenol sau bén lin tii sir dung Cu/diatomite
(Diéu kién thuc nghiém: lidu lugng chét xtic tac 1,0 g/L; n(‘Sng d6 H.0, 6,6 g/L;
nhiét d6 phan tmg 50 °C; pH ban dau cua dung dich 14 6,6 va thoi gian phan tmg 1a 180 phut.
Madi thi nghiém dugc 13p lai ba lan)
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4. Két luan

Trong bai bao nay, phuong phéap thiét ké Box-Behnken da dugc ap dung dé mo hinh
hoa va téi wu héa do chuyén hoa phenol sir dung tic nhan oxi héa H,O trén xuc tac
Cu/diatomite. Composite Cu/diatomite chtra ham lwong nguyén t6 Cu khoang 0,91% (vé
khoi lugng) va dién tich bé mit riéng 44,7 m%g. Xuc tac Cu/diatomite chi hoat dong hiéu
qua trong mdi truong acid hoac trung tinh. Viéc phat trién mo hinh toan hoc va tdi wu hoa do
chuyén hoa phenol bang thiét ké thi nghiém thong ké t6 ra 1a mot cong cu hiru ich dé du
doan va hiéu rd cac hiéu img twong tac giita cac bién s qua trinh bang phuong phap BBD.
Phén tich phuong sai (ANOVA) cho thay mé hinh dat yéu cau véi gia tri R? (d4 hiéu chinh)
14 0,9993. M6 hinh dugc xay dung c6 gia tri p la 0,000 (< 0,001), cho thay mo hinh cé y
nghia thong ké. Mo hinh t6i wu hoa da dé xuat cac gia tri t6i wu cua ba bién s6 qua trinh doc
lap duoc chon 1a nong dd phenol ban dau 1000 mg/L, pH ban dau cua dung dich 14 6,6 va
thoi gian phan ung la 180 phut, dé dat dugc do chuyén hoa phenol 1a 95%. Két qua thu dugc
tir thue nghiém (95,5%) tuong tu véi gia tri D% du doan ciia mé hinh. Cac két qua tai st
dung cho thiy Cu/diatomite c6 thé dugc sir dung hiéu qua trong viéc loai bé chit 6 nhidm
hitu co trong dung dich nudc bdi h¢ phan tng H.O,/x1c tac.
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  D % =    (  S 0 −  S t )   S 0 × 100


  D % = 371 , 585 − 0 , 183   A − 22 , 926   B − 0 , 778   C + 5 , 01 .  10  − 5    A ∗ A − 0 , 751    B ∗ B − 1 , 09 .  10  − 4    C ∗ C + 2 , 65 .  10  − 4    A ∗ B − 8 , 34 .  10  − 6    A ∗ C + 0 , 155    B ∗ C

