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3. Results and discussion

3. Két qua va thao luan

3.1. Optimization of the catalyst components for the glycerol oxidation to DHA
3.1. Téi uu héa cac thanh phan xdc tac cho qua trinh oxy héa glycerol thanh DHA

We reported that Pd—Ag/C showed higher catalytic performance in glycerol oxidation to DHA
than Pd/C and Ag/C [26] . The perfor-mance of various Pd/C catalysts combined with Ti, Mn, Ni, Re, Ir,
Au, and Bi was compared with that of Pd—Ag/C (Table 2 ). The amount of additive metal was fixed at 1
by the molar ratio of the additive to Pd, which is the best composition for Pd—Ag/C [26] . Pd-Ag/C
showed highest DHA selectivity and conversion.

Chuing toi phat hién rang trong qua trinh oxy héa glycerol thanh DHA, Pd-Ag/C c6 dic tinh xdc
tac cao hon so voi Pd/C and Ag/C [26]. Pic tinh cua cac chat xtc tdc Pd/C khac nhau duoc két hop véi
Ti, Mn, Ni, Re, Ir, Au, va Bi duoc so sanh vai dac tinh xac tac cua Pd-Ag/C (Bang 2). Luong kim loai
thém vao duoc giit khong dbi ¢ 1 qua ti sé mol caa chit phu gia thém vao Pd, d6 1a ty 18 hop phan tét nhat
dbi v6i Pd-Ag/C [26]. Pd-Ag/C c6 kha ning chon loc va chuyén d6i DHA cao nhat.

A variety of supports, including carbon, SiO2, TiO2, Al20 3, ZrO2 and CeO2, for Pd—Ag
catalysts were compared in Table 3. All cata-lysts except Pd—Ag/CeO2 showed high selectivity to DHA.
DHA yield over catalysts with various supports after long reaction time (24 h) decreased in the following
order: carbon > SiO2>AI20 3>ZrO2 > TiO2 > CeO2. In terms of TON, carbon, SiO2, and Al203 sup-
ports gave high activity. However, the reaction rate over Pd—Ag/AI20 3 rapidly decreased. Therefore, we
focused on Pd—Ag/SiO2 as well as Pd—-Ag/C in the following studies.

Vai loai nén, bao gom carbon, Si02, TiO2, Al20 3, ZrO2 va Ce02, cho cac chét xdc tic Pd-Ag
duoc so sanh trong bang 3. T4t ca cac chit xdc tac ngoai trir Pd-Ag/Ce02 c6 su chon loc cao ddi véi
DHA. San lugng DHA so vaéi cac chat xuc tac vai cac nén khac nhau sau khoang thoi gian phan ang dai
(24h) giam theo thtr ty sau carbon > Si02>Al20 3>ZrO2 > TiO2 > Ce02. Theo TON, cac nén carbon,
Si02, and Al203 c6 hoat tinh cao. Tuy nhién, tbc d6 phan @ng trén Pd-Ag/AI20 3 giam nhanh. Do do,
chung ta tap trung vao Pd—Ag/SiO2 ciing nhu Pd-Ag/C trong cac nghién ctru sau.

....................... The effect of Ag loading on the catalytic activity was examined on the Pd-
Ag/SiO2. The amount of Ag was varied from 0.5 to 2 in the molar ratio of Ag to Pd (entries 3-5). The
catalysts with more Ag tend to be more selective for DHA formation, and this trend was also observed for
Pd-Ag/C [26] . On the other hand, the catalysts with more Pd tend to be more active for glycerol
oxidation, and this monotonous trend was different from that of Pd—Ag/C where the catalyst with Ag/Pd =
1 was most active. The reaction time dependences of the aerobic glycerol oxidation over Pd—Ag/SiO2 and
pretreated Pd—Ag/C (Ag/Pd = 1) were compared ( Fig. 1).

Anh huéng coa viéc tai Ag dén hoat dong xuc tac dugc kiém tra trén Pd-Ag/SiO2. Luong Ag
thay doi tir 0.5 dén 2 trong ti 1é mol ciia Ag so véi Pd (entries 3-5). CAc chat xuc tac véi nhidu Ag hon c6
khuynh huéng chon loc hon véi su hinh thanh DHA, va diéu nay c6 khuynh huéng xuét hién d6i véi Pd—
Ag/C [26] . Mt khéc, cac chat xic tac vai nhiéu Pd hon c6 khung huéng hoat dong hon ddi véi su oxy
hoa glycerol, va khuynh huéng don diéu ndy khac voi khuynh huéng cia Pd—Ag/C trong d6 chat xuc tac



c6 Ag/Pd = 1 hoat dong manh nhit. Sy phu thugc thoi gian phan ung ciia qua trinh oxy héa glycerol
aerobic trén Pd—Ag/SiO2 va Pd-Ag/C (Ag/Pd = 1) tién xir ly (dwoc xir li trudc) dwoc so sanh (Hinh 1).

................... Both SiO2- and C-supported catalysts showed high selectivity to DHA. The initial
reaction rate over Pd—Ag/SiO2 was comparable to that over Pd—Ag/C. Unlike in the case of Pd-Ag/C
which has an induction per-iod, it is speculated that the active structure of Pd—Ag/SiO2 is easily formed
by the reduction. However, the reaction rate over Pd—Ag/SiO2 was decreased faster than over Pd—Ag/C
and the reaction stopped at lower conversion.

Ca chat xdc tac nén SiO2 va C ¢ tinh chon loc cao d6i véi DHA. Téc d6 phan ng ban dau trén
Pd-Ag/SiO2 vao c& trén Pd-Ag/C. Khong gidng truong hop Pd-Ag/C, n6 c6 mét khoang thoi gian cam
g, ¢6 thé doan 1a cau triic hoat dong cua Pd-Ag/SiO2 d& dugc hinh thanh qua qua trinh khir. Tuy nhién,
téc d6 phan tng trén Pd—Ag/SiO2 giam nhanh hon trén Pd-Ag/C va phan ung dirng vai su chuyén doi
thap hon.

We have reported the recyclability of Pd-Ag/C[26] : The activity of the used catalyst is a little
lower than that of the fresh one. To ensure that the reaction system is truly heterogeneous, we investigated
the reaction time dependence of glycerol oxidation over Pd—Ag/C (Ag/Pd = 1) at O2 atmosphere and the
catalyst was filtered out after 2 h at the reaction temperature (353 K) ( Supplementary Material Fig. S3).
Further treatment of the filtrate at the reaction temperature under O2 did not afford any products. ICP
analysis of the filtrate showed that the leaching of Pd and Ag was very small (0.5% and 0.4%,
respectively). It can be concluded that the glycerol oxidation over Pd—Ag/C is the heterogeneous system.
The deactivation of Pd—Ag/C may be caused by the reversible process such as the poisoning by by-
products [26] . The more rapid deactivation of Pd—Ag/SiO2 may be caused by the structure change of the
catalyst, as discussed below.

Chung toi d phat hién kha ning tai ché cua Pd-Ag/C[26]: Hoat tinh cua chét xac tac duoc sir
dung thdp hon cua chat moi. Bé dam bao hé phan tng thuc su khong dong nhat, chiing toi dd nghién ctu
su phu thuéc thoi gian phan wng ctaa qua trinh oxy hoéa glycerol trén Pd-Ag/C (Ag/Pd = 1) trong moi
truong 02 va chét xac tac dugc loc sau hai gio tai nhiét do phan ang (353K) (Tai liéu bd sung Hinh.S3).
Tiép tuc xir ly phan loc tai nhiét d6 phan tmg trong modi trudng oxy khong cho ra bat ky san phim nao.
Phan tich ICP cua phan loc cho thay rang tinh chiét loc ( leaching) ciia Pd va Ag rat nho (tuong tng la
0.5% va 0.4%). Vi thé c6 thé két luan rang qué trinh oxy hoa glycerol trén Pd—-Ag/C 1a mot hé khdng
dong nhat. Sy mat hoat tinh cia Pd—Ag/C ¢6 thé 1a do qua trinh nguoc chang han nhu sy nhiém doc boi
san pham phuy [26]. Sy mat hoat tinh caa Pd—Ag/SiO2 nhanh hon nita c6 thé 1a do su thay doi cau trdc cia
cht xac tac, nhu thao luan bén dudi.

3.2. Catalyst characterization
3.2 Xac dinh tinh chat xdc tac

Pd-Ag/SiO2 catalysts were characterized by TPR, XRD, TEM, and adsorption studies. The TPR of
Pd/SiO2, Ag/SiO2, and Pd-Ag/SiO2 after the calcination at 573 K was carried out. The TPR profile
showed that Pd/SiO2 was completely reduced at ambient temper-ature and the reduction of Ag/SiO2 was
completed below 473 K. Pd-Ag/SiO2 was reduced at lower temperature than Ag/SiO2. The TPR profiles
confirmed that the reduction of Pd and Ag was com-pleted below 473 K, similarly to Pd-Ag/C [26] . Fig.



2 shows XRD patterns of Pd—Ag/SiO2 , Pd/SiO2, and Ag/SiO2 after reduction. The pattern of Pd—
Ag/SiO2 after catalytic use was also shown. The pat-tern of reduced Pd/SiO2 showed peaks of Pd metal
(Fig. 2 a).

Céc chat xac tac Pd-Ag/SiO2 dugc nghién ciru bang cac phuong phap TPR, XRD, TEM, va hap thy. TPR
cua Pd/SiO2, Ag/SiO2, va Pd-Ag/SiO2 sau khi canxi hda ¢ 573 K duoc thuc hién. Bién dang TPR cho
thdy rang Pd/SiO2 hoan toan bi khtr ¢ nhiét d6 méi truedng xung quanh va sy khir Ag/SiO2 1a hoan toan
dudi 473 K. Ag/SiO2 duoc khir & nhiét do thip hon Ag/SiO2. Cac bién dang TPR xac nhan su khir hoan
toan Pd va Ag duéi 473 K, tuong tu v6i Ag/SiO2. Hinh 2 biéu dién cac van XRD cua Pd-Ag/SiO2 ,
Pd/SiO2, va Ag/SiO2 sau khi khir. Van caa Pd—Ag/SiO2 sau khi str dung xtc tac ciing da biét. Van cua
Pd/SiO2 bi khir c6 cé&c peak cua kim loai Pd (Hinh 2a).

.............................. The pattern of reduced Ag/SiO2 showed peaks of Ag metal ( Fig. 2 f). The Pd—
Ag/SiO2 (Ag/Pd = 0.5, 1, and 2) after reduction exhibited broad peaks located between the corresponding
lines of pure Ag and Pd, which indicate the presence of Pd—Ag alloy phase (Fig. 2 b—d). Pd—Ag/C after
the pretreatment with glycerol + O2, which shows higher activity than Pd—Ag/C after the reduction, has
also the peak of Pd—Ag alloy phase (Fig. 2h) [26] . The peak po-sition of Pd—Ag alloy in Pd-Ag/SiO2
shifted to lower angle with increasing Ag content. The presence of unalloyed silver is clearly evident in
Pd-Ag/SiO2 (Ag/Pd = 2) from the two peaks being char-acteristic of Ag metal. The Pd-Ag/SiO2 (Ag/Pd
= 1) after catalytic use showed peaks of PdO ( Fig. 2 €), showing that Pd—Ag/SiO2 was oxidized during
catalytic use. The oxidation of the catalyst may be the major cause of the more rapid deactivation of the
Pd-Ag/SiO2 than Pd-Ag/C.

Van cua Ag/SiO2 bi khir c6 cac peak caa kim loai Ag (Hinh 2f). Pd-Ag/SiO2 (Ag/Pd = 0.5, 1, va 2) sau
khi khir c6 cac peak rong nam giita cac duong Ag va Pd tinh khiét, né cho thiy su hién dién caa pha hop
kim Pd-Ag (Hinh 2 b-d). Pd—Ag/C sau khi xt 1y trudc vai glycerol + O2, ¢6 hoat tinh cao hon Pd-Ag/C
sau khi khir, cting c6 peak cua pha hop kim Pd-Ag (Hinh.2h) [26]. Vi tri peak cta hop kim Pd-Ag trong
Pd—-Ag/SiO2 dich sang goc thap hon khi ham lugng Ag tang. Sy hién dién ciia bac khdng hop kim dé thiy
trong Pd-Ag/SiO2 (Ag/Pd = 2) tir hai peak la dac trung cua kim loai Ag. Pd-Ag/SiO2 (Ag/Pd = 1) sau
khi ding dé x4c tac c6 cac peak cia PdO (hinh 2e), cho thay rang Pd-Ag/SiO2 bi oxy hoéa khi str dung
xUc tac. Su oxy héa cua chat xuc tac c6 thé 12 nguyén nhan Ién 1am cho sy mat hoat tinh cua Pd—-Ag/SiO2
nhanh hon Pd-Ag/C.

The TEM images of Pd/SiO2 , Ag/SiO2 , and Pd—Ag/SiO2 after the reduction were shown in Fig.
3. The average sizes of the particles were 5-6 nm for Pd/SiO2 and Ag/SiO2 (Table 4), while this average
sizes agreed well with that from XRD patterns. Pd—Ag/SiO2 (Ag/Pd = 0.5 and 1) exhibited a similar size
distribution, while the aver-age size of particles was 5-6 nm. In Pd-Ag/SiO2 (Ag/Pd = 2) (Fig. 3f), the
average size of particles was 12 nm. This size distribu-tion was caused by the coexistence of the Pd—Ag
alloy phase and the unalloyed silver in Pd—Ag/SiO2 (Ag/Pd = 2). The mean sizes of Pd—Ag alloy particles
were slightly larger than that from XRD pat-terns. These differences may be due to a distribution of
composi-tion. The higher magnification TEM images of Pd-Ag/SiO2 (Ag/Pd = 1) ( Fig. 3e) were used to
resolve the d -spacing.

Céac anh TEM cua Pd/SiO2 , Ag/SiO2 , va Pd-Ag/SiO2 sau khi khir duoc biéu dién trong hinh 3.
Kich thugc trung binh cia cac hat 1a 5-6 nm ddi véi Pd/SiO2 va Ag/SiO2 (bang 4), trong khi do kich
thudc trung binh phu hop tét véi kich thudce tir cac van XRD. Pd-Ag/SiO2 (Ag/Pd = 0.5 va 1) ¢6 phan b



kich thudc tuwong tu, trong khi kich thudc trung binh cua céc hat 1a 5-6 nm. Trong Pd-Ag/SiO2 (Ag/Pd =
2) (Hinh. 3f), kich thudc trung binh cua cac hat 1a 12 nm. Phan bé kich thudc nay 1a do sy ton tai dong
thoi caa pha hop kim Pd-Ag va bac khong hop kim trong Pd-Ag/SiO2 (Ag/Pd = 2). Kich thudc trung
binh cua céac hat hgp kim Pd-Ag khé l1én hon gia tri d6 tir cAc van XRD. Nhirng su khac biét nay la do su
phan bd thanh phan. Anh TEM phong dai 16n hon ciia Pd-Ag/SiO2 (Ag/Pd = 1) ( Hinh 3e) dugc sir dung
dé phan giai khoang céch d.

.............................. The d-spacing was around 0.231 nm, corresponding to the (1 1 1) planes
of the crystallite. For solid solution alloys such as Pd—Ag systems, usually Vegard’s law [29] type
behavior is observed which describes a lin-ear variation of the lattice parameter with composition. In
order to apply Vegard’s law to the results of this catalyst, the d-spacing of the Pd—Ag alloy was calculated
using the lattice constant of pure Pd (0.3980 nm) and pure Ag (0.4086 nm). From the comparison be-
tween the line of Vegard’s law and the d-spacing obtained from the TEM image, it is possible to estimate
the actual composition. The calculated molar ratio of Ag/Pd is 1.2 for 0.231 nm d-spacing. The calculated
molar ratio of Ag/Pd for other three particles was within the range 0.7-1.2 (Supplementary Material Fig.
S4). Although some distribution of composition existed and might cause the broadening of XRD peaks,
most particles were well alloyed.

Khoang cach d xung quanh 0.231 nm, twong ng véi cac mat phang (111) cua tinh thé. Béi véi
céc hop kim dung dich ran ching han nhu cac hé Pd-Ag, dic tinh kiéu dinh luat Vegard [29] thuong xut
hién, n6 mo ta sy bién ddi tuyén tinh caa tham sb mang theo thanh phan. Dé &p dung dinh luat Vegard
cho céc két qua cua cac chat xuc tac nay, khoang céach d caa hop kim Pd-Ag duoc tinh todn dung hang sb
mang caa Pd tinh khiét (0.3980 nm) va Ag tinh khiét (0.4086 nm). Tur viéc so sanh gitta cac dudng cua
dinh luat Vegard va khoang cach d thu duoc tir anh TEM, c6 thé wdc tinh thanh phan thuc su. Ty 1& mol
tinh todn cia Ag/Pd 1a 1.2 ddi véi khoang cach d bing 0.231 nm. Ti & mol tinh toan cua Ag/Pd dbi vé6i ba
hat khac nam trong khoang 0.7-1.2 (Tai liéu bé sung Hinh. S4). Mic du mét s6 phan b cua thanh phan
ton tai va co thé gy ra su mo rong cac peak XRD, da s cac hat déu hop kim.





