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1 Methanol chemisorption and reactive sites calculation 

The number of surface reactive sites equals the total number of methanol molecules that are 

absorbed upon saturation that are not release unreacted. 

The clean dehydrated sample under inert argon results in no methanol signal. The m/z = 31 

signal of methanol must be checked under inert flow (zero) and in by-pass at the constant 

concentration and flow rate used for chemisorption (2000 ppm methanol, 100 NmL/min flow 

rate, controlled by a mass flow controller) before starting the experiment to have a linear 

calibration. When 2000 ppm CH3OH in 5%He/Ar is fed, we quickly observe the sharp rise of 

helium signal, indicating time zero of chemisorption; then we observe the rise of H2O m/z 18 

signal, indicative of the chemisorption of methanol. No methanol flows out at this moment in time 

for it is chemisorbing. As the surface reaches its maximum capacity of methanol chemisorption, 

there is a decrease in the online H2O signal, and once the surface is saturated with methanol, 

new methanol molecules that enter the system do not have a binding site and thus leave the 

reactor, as observed by online methanol m/z 31 signal increase. When the sample is saturated 

with methoxy, the feed is switched to 100 mL/min Ar to first purge residual methanol vapor, and 

then run the TPSR of the chemisorbed methoxy species by linearly heating the sample from 100 

to 450 ⁰C at 10 ⁰C/min. Thise signal must be integrated during the chemisorption step to quantify 

the moles or molecules of methanol retained by the material on the surface until saturation 

(MeOHs), and during the TPSR step to calculate the fraction of methanol that is released 

unreacted (MeOHu), as follows: 

When methanol is fed to the reactor (t=0) for chemisorption the signal in the reactor outlet is 

initially low (or even 0), because methanol is mainly (or even totally) adsorbed on the 

nanomaterial. Outlet concentration of methanol progressively increases as the surface sites are 

filled. When the surface is saturated (t=s), methanol signal remains constant and equal to the 

by-pass value, corresponding to 2000 ppm. MeOHs is determined by calculating the total amount 

of methanol fed to the reactor from t=0 to t=s and subtracting the integrated signal of methanol 

in the same period, corresponding to the released methanol that was not adsorbed. Methanol 

molar flow is readily calculated from its concentration and controlled flow rate (100 mL/min). 

Upon heating, the fraction of methanol that is released unreacted is calculated by integrating 

the methanol signal. The reacted methanol (MeOHr) is then obtained by subtracting both values, 

and is equal to the number of surface sites. The specific number of active sites is calculated by 

dividing this number by the mass of NM used for the experiment. The specific number of surface 

sites divided by the NM BET area delivers the active sites surface density.
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2 Methanol-TPSR (Temperature-Programmed Surface Reaction) reaction equations
The sample saturated with methoxy and purged in Ar is linearly heated from 100 to 450 ⁰C at 10 

⁰C/min for TPSR. The m/z values followed in the residual gas analyzer were: CH3OH (methanol) 

= 31, HCHO (formaldehyde) = 30, CH3OCH3 (dimethyl ether, DME) = 45, CH3OOCH 

(methylformate) = 60, (CH3O)2CH2 (dimethoxy methane) = 75, H2O (water) = 18, and CO2 

(carbon dioxide) = 44. Methylformate, dimethyl ether and formaldehyde signals were corrected 

for the contributions of methanol and carbon monoxide to the selected m/z values.

The type and amount of products and the temperature at which they are detected correlate with 

the nature, amount and reactivity of the surface sites, respectively (Figure S 1A): oxidation of 

methoxy species to formaldehyde (HCHO) is indicative of redox sites (Eq. S1); dehydration of 

two adjacent methoxy to dimethyl ether (CH3OCH3), of acidic sites (Eq. S2); and formation of 

carbon dioxide (CO2), of basic sites, which strongly bind methanol that is typically burnt and 

desorbed at high temperatures (Eq. S3); highly reactive redox sites will also produce CO2 due 

to fast formaldehyde combustion (over-oxidation reaction), but at significantly lower 

temperature.1 Bifunctional sites may be present at the surface of NMs if two kind of reactive 

sites are in close vicinity, generating different products: methyl formate (HCOOCH3) originates 

from basic-redox sites (Eq. S4) and dimethoxymethane ((CH3O)2CH2) from acid-redox sites (Eq. 

S5). Water and CO are secondary products formed in several reactions and may not be 

correlated with a specific site. On occasions, less reactive sites release unreacted methoxy 

species as methanol, which typically occurs at low temperatures in the TPSR profile. 

- Single sites:

 Redox sites:  (Eq. S1)
𝐶𝐻3𝑂𝐻 +

1
2

𝑂2→𝐻𝐶𝐻𝑂 + 𝐻2𝑂

 Acid sites:  (Eq. S2)2𝐶𝐻3𝑂𝐻↔𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂

 Basic or redox (over-oxidation) sites: (Eq. S3)
𝐶𝐻3𝑂𝐻 +

3
2

𝑂2→𝐶𝑂2 + 2 𝐻2𝑂

- Bifunctional sites:

 Basic-redox sites: (Eq. S4)2𝐶𝐻3𝑂𝐻 +  𝑂2↔𝐻𝐶𝑂𝑂𝐶𝐻3 +  2 𝐻2𝑂

 Acid-redox sites: (Eq. S5)
3𝐶𝐻3𝑂𝐻 +

1
2

𝑂2→𝐶𝐻2(𝑂𝐶𝐻3)2 + 2𝐻2𝑂
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3 Figures

Figure S1. Probe reactions for quantitative reactive characterization of NMs: A) Methanol chemisorption on the 

surface of a NMs with formation of a methoxy group per active site, followed by surface reaction and products 

desorption; redox sites lead to formaldehyde formation, basic sites produce carbon dioxide, and two nearby acid sites 

generate dimethyl ether. B) Oxidation of dithiothreitol (DTT) catalysed by a nanoparticle (NP) and quantification of 

non-oxidized DTT with Ellman’s reagent (DTNB) by UV-Vis spectrophotometry detection at 412 nm of the coloured 

product.
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Figure S2. Experimental setup for methanol chemisorption and temperature-programmed surface reaction (TPSR)

Figure S3. Methanol temperature-programmed surface reaction (TPSR) for SiC (blank)
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Figure S4. Calibration for DTNB-DTT complex measured to 412 nm

Figure S5. Methanol-TPSR reactive profile for bulk Co3O4 microparticles

 Figure S6. DTT conversion and NIOG values for the NMs evaluated
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4 Tables
Table S1 Physicochemical properties reported in the literature for TiO2 DT51, TiO2 NM-101, CeO2 NM-211, ZnO NM-

110 and CuO from Sigma Aldrich.

Powder 
NM

Supplier 
code

Particle 
size (nm)

Particle size 
distribution 

(nm)

Specific 
surface 

area (m2/g)
Shape Other information Ref.

TiO2
DT51

CristalAC
TiV™
DT-51

NA NA 90 -
Anatase,

SO3: 1.25 wt%
pH = 3

2

5-6
<100  95%
<50  77 %
<10  11 %

170/316 3,4

9 4-8 to 50-100 322 5
TiO2

NM-101
JRCNM0

1001a

8 NA 320

Equiaxed and rounded 
-or slightly elongated- 

primary particles

Anatase
Thermal synthesis

photocatalytic activity
6

<10 to 20

In water:
D10 810 ± 160
D50 202 ± 17
D90 130 ± 60

65 Precipitated 3,7
CeO2

NM-211
JRCNM0

2101a

10.3 NA 66

Homogeneous near 
spherical primary 

particles
Ce:O = 1:2 (XPS) 8

70-90 NA 12.4 3,9

ZnO
NM-110

JRCNM6
2101a 202.6 ± 

12.8 NA 14

Primary particles:
bottle-like, rod-shaped, 
rectangular particles ( 
215 nm x 66 nm and 
115 nm x 40 nm) and 
sticks (180 nm x 23 

nm)

ζ: -19.1 ± 0.5 mV
Zincite 10,11

<50 NA NA
Complexometric 

EDTA:
77-82.6 % Cu

12

NA NA 11 Tenorite 13,14

37 NA 11
Crystallite size: 17 

nm
IEP: 8.3

15

33.3 ± 10.7 10-100 nm NA 16

CuO
SigmaAlc

rich: 
544868

55 20-80 nm NA

Spherical and smooth 
surface

ζ: 15.1 ± 9.4 mV 17

CuFe2O4

SigmaAld
rich: 

641723
35 In water: 810 

In CCM: 387 NA Spherical ζ in water: 16 mV 18

Co3O4

SigmaAld
rich: 

637025
11.5-56.4

In water: 
207+7.8 (20 

µg/mL)
30.5 Prevalently elongated-

hexagonal ζ in water: -23.9 mV 19

Fe3O4

SigmaAld
rich: 

637106 
33 ± 14.58 In CCM: 858.5 NA Spherical ζ in CCM: -11 mV 20

Table S2. In vitro toxicity data reported in the literature for TiO2 NM-101, CeO2 NM-211, ZnO NM-110 and CuO 

indicating for a given exposure time the concentration at which a NM induces effects significantly different to control 

(p<0.05, 0.01 or 0.001) or the half-maximal effective concentration (EC50)

NM Cell line1 Test2 Parameter Time
(h)

Concentration
(µg/mL) Ref.

MTT p<0.001 3 10
MTT p<0.001 24 5
NRU p<0.001 3 50
NRU p<0.001 24 10

IL-8 release p<0.001 3 100
IL-8 release p<0.001 24 10

MTT EC50 24 17.75

21A549

CFA p<0.001 24 10
HeLa S3 CFA p<0.001 24 10

22

MTT p<0.05 6 100

CuO #544848
Sigma Aldrich

(CuO-SA)

A549 MTT p<0.05 24 10
14
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MTT p<0.05 1 25
MTT p<0.05 3 25

16

Resazurin EC50 24 - 72 12.16-14.72RAW 264.7 NRU EC50 24 - 72 18.40-25.48
Resazurin EC50 24 - 72 22.08-17.92MH-S NRU EC50 24 - 72 19.68-23.04

TM3 WST-1 EC50 24 10.06
TM4 WST-1 EC50 24 11.88

16HBE WST-8 EC50 24 17.79

23

WST-1 p<0.001 24 32HUVEC NRU p<0.001 24 32
11

Resazurin EC50 24 76
Resazurin p<0.05 24 48
Resazurin EC50 3 215A549

Resazurin p<0.05 3 120

24,25

Comet assay, 
DNA damage

Saturation, 
high damage 3 14

TK6 Comet assay, 
DNA damage

Saturation, 
high damage 24 14

A549 Comet assay, 
DNA damage p<0.0001 3 14

25

MTT EC50 24 25Caco-2 WST-1 EC50 24 28
26

WST-1 EC50 24 8.5
LDH EC50 24 6.4PMA treated 

THP-1 Resazurin EC50 24 9.5
27

WST-1 EC50 24 5-10 µg/cm2

Resazurin EC50 24 ca.10 µg/cm2

ZnO NM-110
(JRCNM62101a)

C3A
IL-8 p<0.05 24 0.31 µg/cm2

5

Alamar blue p<0.05 24 Not reached up 
to 100

28
A549

WST-1 EC50 24
HepG2 WST-1 EC50 24
HK-2 WST-1 EC50 24

Not reached up 
to 80 µg/cm2

29

WST-1 EC50 24 Not reached up 
to 80 µg/cm2C3A

IL-8 p<0.05 24 20 µg/cm2

5

IL-6 p<0.05 24
TNF-α p<0.05 24
WST-1 p<0.05 24HUVEC

NRU p<0.05 24

Not reached up 
to 32

11

Trypan blue p<0.05 24 Not reached up 
to 100

Fpg-Comet 
assay p<0.05 24 10

Direct damage
Fpg-Comet 

assay p<0.05 24 100 Oxidative 
damage

Micronucleous 
assay p<0.001 24 Not reached up 

to 100
IL-6 p<0.05 24 100
IL-8 p<0.05 24

BEAS-2B

TNF-α p<0.05 24
MTS p<0.05 24

Not reached up 
to 100

IL-6 p<0.05 18 10

TiO2 NM-101
(JRCNM1001a)

RAW 264.7 
macrophages TNF-α p<0.05 18 100

30

LDH p<0.05 16 90
GLU p<0.05 16 180

TNF-α p<0.05 16 22.5NR8383
Extracellular 
H2O2/ROS p<0.05 1.5 Not reached up 

to 180

31

MTT p<0.05 24 6.25
MTT p<0.05 72 0.098

CeO2 NM-211 
(JRCNM02101a)

H4IIE
NRU p<0.05 24 Not reached up 

to 100

32
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NRU p<0.05 72 Not reached up 
to 100

LDH p<0.05 24 Not reached up 
to 100

LDH p<0.05 72 100
NRU and MTT p<0.05 24RTG-2 NRU and MTT p<0.05 72

Not reached up 
to 100

A549 NRU and MTT p<0.05 24 10
HepG2 NRU and MTT p<0.05 24 10

A549
Intracellular 

ROS (DCFH-
DA)

p<0.05 24 50

HepG2
Intracellular 

ROS (DCFH-
DA)

p<0.05 24 50

A549 Intracellular 
GSH p<0.05 24 50

HepG2 Intracellular 
GSH p<0.05 24 50

A549 MMP p<0.05 24 50

CuFe2O4 
#641723

SigmaAldrich
(CuFe2O4-SA)

HepG2 MMP p<0.05 24 50

18

A549 TrypanBlue p<0.05 24 Not reached up 
to 40

A549 WST-1 p<0.05 24 40
BEAS-2B TrypanBlue p<0.05 24 40
BEAS-2B WST-1 p<0.05 24 5

A549 LDH p<0.05 24 Not reached up 
to 40

BEAS-2B LDH p<0.05 24 40

A549 Fpg-Comet
DNA damage p<0.05 24 20

BEAS-2B Fpg-Comet
DNA damage p<0.05 24 5

A549 IL-6 p<0.05 24 Not reached up 
to 40

A549 IL-8 p<0.05 24 Not reached up 
to 40

A549 TNF-alpha p<0.05 24 Not reached up 
to 40

BEAS-2B IL-6 p<0.05 24 Not reached up 
to 40

BEAS-2B IL-8 p<0.05 24 20

Co3O4 #637025
SigmaAldrich

(Co3O4-SA)

BEAS-2B TNF-alpha p<0.05 24 Not reached up 
to 40

19

A549 MTT p<0.05 24 Not reached up 
to 100

A549 MTT p<0.05 48 Not reached up 
to 100

A549 MTT p<0.05 72 Not reached up 
to 100

20Fe3O4 #637106 
SigmaAldrich

(Fe3O4-SA)

A549 Internalization 
(TEM) - 12 Positive at 50

1Cell lines: A549 (adenocarcinomic human alveolar basal epithelial cells), HeLa S3 (Human cervix carcinoma cell 
line), Raw 264.7 (semi-adherent macrophage-like cell line derived from BALB/c mice), MH-S(murine alveolar 
macrophages), TM3 and TM4 (proliferating mouse Leydig cell line), 16HBE (human bronchial epithelial cell line), 
HUVEC (Human Umbilical Vein Endothelial Cells), TK6 (Human lymphoblastoid, In vitro mammalian cells), Caco-2 
(human colorectal adenocarcinoma cells), PMA treated THP-1 (human leukemia monocytic cell line differentiated into 
macrophage-like), C3A (human liver adherent cells), HepG2 (human liver cancer cell line), BEAS-B2 (immortalized 
but non-tumorigenic epithelial cell line from human bronchial epithelium), NR8383 (alveolar macrophages), H4IIE (rat 
hepatoma cell line), RTG-2a  (fibroblast morphology cell line  from rainbow trout ovary). 
2Tests: MTT = (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, IL-8 = Interleukin 8 release, CFA = 
Colony Forming Ability, NRU = neutral red uptake, LDH = Lactate Dehydrogenase, GLU = β-glucuronidase, TNF-α = 
Tumor Necrosis Factor, MMP = Mitochondrial membrane potential assay
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Table S3. Data of methanol chemisorption

Nanomaterial Time until surface 
saturation (min)

Ratio methanol 
introduced/methanol 

chemisorbed (%)
TiO2
DT51 59.22 43

TiO2
NM-101 70.21 48

CeO2
NM-211 68.19 32

ZnO
NM-110 46.57 11

CuO 42.83 26
CuFe2O4 36.23 34

Co3O4 34.51 23
Fe3O4 50.28 23
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