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a b s t r a c t

A key target to reduce current hydrocarbon emissions from vehicular exhaust is to improve their abate­

ment under cold­start conditions. Here, we demonstrate the exceptional properties of a hierarchical

Cu/H­ZSM­5 zeolite­based system as a catalytic trap. The largely increased external surface area coupled

with the preserved intrinsic properties attainable upon alkaline treatment and subsequent acid wash­

ing of a conventional ZSM­5 zeolite enable an improved dispersion of copper species in the hierarchical

counterpart. The impact of post­synthetic modification on the preparation of copper­containing ZSM­5 is

clearly revealed by XRD, N2 sorption, FTIR, NH3­TPD, TEM, SEM, and HAADF­STEM. By providing stronger

adsorption sites, the introduction of copper species improves the retention of propene and toluene with

respect to the protonic zeolites, and enables their further conversion to carbon dioxide and water on

reaching its desorption temperature. The equivalent adsorption capacity and improved oxidation activ­

ity and lower susceptibility to deactivation exhibited by the hierarchical Cu/H­ZSM­5 catalyst vis­a­vis its

conventional counterpart yield a superior bifunctional catalyst able of reach full hydrocarbon conversion

under realistic operating conditions.

© 2014 Published by Elsevier B.V.

22

1. Introduction23

Air pollution poses a major environmental concern worldwide.24

In metropolitan areas, motor vehicle exhaust contributes a major25

source of contaminants. With current three­way catalysts (TWCs),26

a recognized challenge in preventing these emissions is the lack of27

treatment capacity of hydrocarbons (HC) under cold­start condi­28

tions. In a standard driving cycle, i.e. a New European Drive cycle29

(NEDC) for a 2.0 l diesel engine [1], the catalyst takes ca. 1–2 min to30

reach its operating temperature of between 200 and 300 ◦C. For31

gasoline engines, this time is very variable and depends on the32

engine operation conditions. Of the scarce examples in the liter­33

ature, Choi et al. [2] observed that the catalyst of a gasoline engine34

reached 500 ◦C in 30 s for a 2.0 l SULEV. During this time, about35

50–80% of unburned HCs are emitted [3]. To curb these emissions,36

the incorporation of an inorganic nanoporous material to act as a37

HC trap prior to the TWC, is one of the most promising solutions.38

The adsorbent must be able to capture the HCs at low temperatures39
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and not to release them before reaching the optimal catalyst oper­ 40

ating temperature. This strategy could be more efficient, compared 41

with other methods such as exhaust burner or the electrically­ 42

heated catalyst [4]. However, in terms of efficiency, the comparison 43

between the HC trap and the close­coupled catalyst strategies is 44

not straightforward. As replacing a close­coupled catalyst with an 45

underfloor HC trap could imply a long delay in pollutant light­off 46

for HC, CO and NOx, the success will depend on the finding an opti­ 47

mal configuration together with the TWC. A HC trap with catalytic 48

properties placed after the TWC could be a possibility. Zeolites are 49

often considered as HC trap materials due to their stability under 50

a variety of conditions [5,6]. Different zeolites and zeotypes, with 51

varying pore dimensionality and pore network connectivity, have 52

been studied as adsorbents for HC emission control during the cold­ 53

start period [7–9]. However, none of the reported materials have 54

demonstrated the necessary characteristics of a HC trap under very 55

demanding operational conditions. It has been found that while 56

heavier exhaust HCs (e.g. aromatics) are adequately trapped, lighter 57

HC components in the exhaust, such as propene, are released before 58

the TWC has reached its light­off temperature [8]. In this sense, a 59

priority goal is to find an adsorbent that fulfills this requirement. 60

Furthermore, the treatment of alkane species may prove a challenge 61

http://dx.doi.org/10.1016/j.apcatb.2014.02.013

0926­3373/© 2014 Published by Elsevier B.V.
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as they are not strongly chemisorbed by the Brønsted acid or cop­62

per sites [10]. These species must be dealt with by oxidation over a63

catalyst above 300 ◦C.64

Previous results showed that ZSM­5 zeolites (MFI­type frame­65

work) could be a promising material as a HC trap [3,11–17]. It has66

been observed that propene retention under cold­start conditions67

could be improved by ion exchange of the zeolite with transition68

metals, such as copper, in order to create selective adsorption points69

for light HCs [18]. A direct correlation was observed between the70

degree of copper exchange and the trapping efficiency [10,19–23].71

If the loading was too high, however, large copper oxide nanopar­72

ticles formed on the external surface of the zeolite instead of73

increasing the amount of copper in ion exchange sites. Although74

these nanoparticles enhanced the oxidation of the HCs upon reach­75

ing the desorption temperature, higher copper loadings appeared76

detrimental for their initial function as a HC trap. Both propene77

and toluene molecules (two of the primary HC pollutants) were78

desorbed at lower temperatures than those required for optimal79

operation [19].80

It is worth mentioning that Cu/H­ZSM­5 has shown promising81

activity and selectivity in several automotive applications, as the82

direct decomposition of NO and the selective catalytic reduction83

of NH3 and HCs. However, their application has been limited by a84

lack of hydrothermal stability of the zeolite and by sintering of the85

copper species [24–26], which have been evidenced at operating86

temperatures between 600 and 800 ◦C. The extent of sintering is87

known to increase with temperature, aging time, and in the pres­88

ence of steam, and it may pose a challenge during cyclic operation89

as a cold­start trap. Furthermore, since higher temperatures (up to90

700 ◦C) are expected in front of the TWC than after, differences in91

the severity of sintering are expected to depend on the positioning92

of the HC trap in the catalytic converter.93

A recent study showed that the sintering of cobalt catalysts94

could be suppressed when supported on hierarchical zeolites,95

offering a greatly increased external surface area coupled with96

the largely preserved crystallinity and acidic properties of con­97

ventional zeolites [27–29], thereby improving their stability in98

Fischer­Tropsch synthesis [30]. The application of hierarchical99

zeolites could potentially also lead to a more efficient cat­100

alytic trap by enhancing (i) the accessibility to copper species101

in ion­exchange positions, (ii) the dispersion of copper oxide102

nanoparticles, and ultimately (iii) the HC abatement under cold­103

start conditions. Accordingly, this manuscript investigates the104

impact of hierarchical structuring on the performance of copper­105

loaded ZSM­5 zeolites in cold­start tests (CST) representative of106

standard gasoline engine emissions. Since in practice the gas­107

hourly space velocity may vary between 10 and 100 K h−1 [31],108

the HC traps are evaluated at 60 K h−1, presenting more demand­109

ing experimental conditions than in previous works [18,19].110

The traps are fully characterized before and after application in111

three CST cycles to assess their stability under the operating112

conditions.113

2. Experimental114

2.1. Preparation of Cu­loaded hierarchical zeolites115

A commercial ZSM­5 zeolite (CBV 8014, Zeolyst International,116

nominal Si/Al ratio = 40, NH4­form) was converted to the pro­117

tonic form by calcination at 450 ◦C for 6 h in static air (ramp118

rate = 5 ◦C min−1). Hierarchical ZSM­5 was prepared by desilication119

in stirred aqueous sodium hydroxide (≥98% Sigma Aldrich) solu­120

tion (0.2 M, 65 ◦C, 30 min, 30 cm3 per gram of zeolite) followed by121

sequentially treatment in aqueous hydrochloric acid (37 wt% Sigma122

Aldrich) solution (0.1 M, 65 ◦C, 6 h, 100 cm3 per gram of zeolite)123

to restore a similar bulk Si/Al ratio to that of the conventional 124

zeolite [32]. The slurries resulting from each step were quenched 125

in ice­water, filtered, and the isolated solids washed extensively 126

with deionized water and dried at 105 ◦C for 13 h. The hierarchi­ 127

cal sample was converted into the H­form by two consecutive ion 128

exchanges in aqueous ammonium nitrate (99.8% Fisher Scientific) 129

solution (1 M, 80 ◦C, 24 h, 12 cm3 per gram of zeolite) followed by 130

calcination as described above. Copper introduction was achieved 131

by treating the zeolites (3 g) in stirred aqueous solutions of cop­ 132

per nitrate (99% Sigma Aldrich) (100 mM, 16.6 cm3 per gram of 133

zeolite). The pH of the solution was adjusted to 6 by addition of 134

ammonium hydroxide solution (1 M) prior to heating under reflux 135

at 100 ◦C for 24 h. Subsequently, the copper­containing samples 136

were filtered, washed, dried as above, and finally calcined at 550 ◦C 137

for 4 h (ramp rate = 1 ◦C min−1). The conventional and hierarchical 138

ZSM­5 zeolites are coded H­ZSM­5 and mesoH­ZSM­5, respectively, 139

and the copper­containing catalysts are coded Cu/H­ZSM­5 and 140

Cu/mesoH­ZSM­5. 141

2.2. Characterization 142

X­ray diffraction (XRD) patterns were measured with a Bruker 143

D8 Advance series II diffractometer using monochromatic Cu K˛ 144

radiation (� = 0.1541 nm). Data were collected in the 2� range from 145

3◦ to 40◦ using a scanning rate of 1◦ min−1. N2 isotherms at−196 ◦C 146

were measured in a Quantachrome Autosorb 1 gas adsorption ana­ 147

lyzer. Prior to the adsorption measurements, the samples were 148

outgassed in situ under vacuum (4 mbar) at 250 ◦C for 4 h. The 149

total surface area (SBET) was estimated using the BET method, 150

the micropore volume (VMICRO) and mesopore surface area (SMESO) 151

were determined by applying the t­plot method, the mesopore size 152

distribution was calculated by applying the BJH method to the des­ 153

orption branch of the isotherm, and the mesopore volume (VMESO) 154

was estimated as: VMESO = VP/P0=0.99−VMICRO. The copper content in 155

the solids were measured by inductively coupled plasma­optical 156

emission spectroscopy (ICP­OES), in a Jobin Ybon 2000 instru­ 157

ment. Secondary and back­scattered electron images (SEM) were 158

acquired using a Zeiss Gemini 1530 FEG microscope operated at 159

5 kV (SE) or 10 kV (BSE). Transmission electron microscopy (TEM) 160

and high­angle annular dark field scanning (HAADF­STEM) images 161

were acquired using a FEI Technai F30 microscope operated at 162

300 kV. The samples were supported on holey carbon coated cop­ 163

per grids by dry dispersion. Temperature­programmed desorption 164

of ammonia (NH3­TPD) was measured by using a Micromerit­ 165

ics Pulse Chemisorb 2700 instrument equipped with a thermal 166

conductivity detector. The catalysts (0.2 g) were degassed under 167

Ar flow at 500 ◦C for 6 h followed by saturation at 50 ◦C using 168

30 cm3 STP min−1 flow of 5% (v/v) NH3 in Ar. The gas mixture was 169

then switched back to Ar and the sample was purged at 50 ◦C 170

for 30 min. NH3­TPD profiles were subsequently recorded under 171

30 cm3 STP min−1 He flow, from 50 to 600 ◦C using a ramp rate of 172

5 ◦C min−1. 173

Infrared spectroscopy was performed using a Thermo Nico­ 174

let 5700 spectrometer equipped with a SpectraTech Collector 175

II diffuse reflectance accessory and a high­temperature cell. 176

Prior to the measurement, the sample was dried at 300 ◦C 177

in N2 flow (60 cm3 min−1) for 120 min. Spectra were recorded 178

in the range of 650–4000 cm−1 with a nominal resolution of 179

4 cm−1 and co­addition of 200 scans after reducing the tem­ 180

perature to 200 ◦C. The amount of coke formed during the 181

CST was determined by thermogravimetric analysis (TGA). The 182

samples were heated to 900 ◦C at a rate of 80 ◦C min−1 under 183

flowing air (250 ml min−1), and the weight loss measured 184

between 200 and 900 ◦C was averaged over three independent 185

measurements. 186
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Fig. 1. XRD patterns of the as­synthesized microporous (a) and hierarchical (b) HC

traps, and following three CST cycles (designated­u). Marked reflections at 2� = 36◦

and 39◦ correspond to monoclinic CuO.

2.3. Simulated cold­start tests187

CST experiments were carried out in a fixed­bed reactor188

(ID = 0.52 cm; 0.10 g of sample) under conditions that closely mimic189

the automotive “cold start”. Prior to each test the zeolite was pre­190

treated in situ at 600 ◦C for 30 min in a flow of argon. In the course191

of the simulated CSTs, the reactor temperature was increased from192

30 to 600 ◦C at 50 ◦C min−1, and held at this temperature for further193

30 min. The temperature was measured by a thermocouple located194

at the top of the catalyst bed. The inlet gas composition used for195

HC adsorption­desorption experiments was 0.010% (v/v) propene,196

0.0087% (v/v) toluene, 1% (v/v) oxygen, 10% (v/v) water in argon197

leading to a total flow of 100 cm3 STP min−1 and a gas hourly space198

velocity (GHSV) of 60 K h−1. According to the literature [33–35], the199

HC concentration in real exhaust during the cold start period ranges200

between 100 and 500 ppmv, and thus our value of 200 ppmv is a201

realistic approximation. The oxygen concentration (1%, v/v) was202

chosen to be representative of standard gasoline engine emissions,203

in which the values vary between 0.2% and 2% (v/v) [36]. Moreover,204

the tests were defined to enable proper evaluation of the optimum205

light­off temperature of the three­way catalysts [37]. Aliquots of206

the outlet stream were analyzed on line using a quadrupole spec­207

trometer (Omnistar, Pfeiffer Vacuum). The following masses were208

monitored: m/z = 40 for argon, 42 for propene, 91 for toluene, 32209

for oxygen and 18 for water; m/z 55 and 56, related to oligomer210

formation [17,38,39] and m/z = 44 and m/z = 28 related to CO2 for­211

mation and CO formation, respectively after HC total oxidation,212

were also followed during the experiment. Finally, three consec­213

utive CSTs were performed once the reactor was cooled down214

to assess the reusability of the HC traps. Carbon balances were215

closed in all the experiments over Cu­loaded hierarchical zeolites216

(100±3%), whereas some deviation, observed over the protonic217

zeolites is ascribed to oligomer and/or coke formation. In the case218

of the Cu­loaded conventional ZSM­5, it could also be attributed to219

the retarded desorption of HC from the structure.220

3. Results221

3.1. Catalyst properties222

The phase purity and crystallinity of the samples before and223

after application as cold­start HC traps was verified by XRD. Sharp224

reflections corresponding to the MFI structure [40] were identified225

in all cases (see Fig. 1). The slightly reduced reflection intensi­226

ties observed for hierarchical zeolites is as expected following the227

Fig. 2. Nitrogen isotherms at 77 K of the as­synthesized microporous (a) and hier­

archical (b) HC traps, and following three CST cycles (designated­u).

post­synthetic introduction of intracrystalline mesopores. Addi­ 228

tionally, reflections at 36◦ and 39◦ in the copper­containing 229

samples, which were more prominent in Cu/H­ZSM­5 than 230

Cu/mesoH­ZSM­5, evidenced the formation of monoclinic CuO 231

(ICSD PDF­number: 01­073­6023 45­937). The segregation of CuO 232

species on ZSM­5 zeolites has been previously observed at high 233

copper loadings [41], and the weaker reflections observed for the 234

hierarchical sample suggest an improved dispersion of copper 235

oxide nanoparticles. Following application in the CSTs, the CuO 236

reflections in the hierarchical material appeared slightly more dis­ 237

tinct. However, it was not possible to distinguish differences in the 238

dispersion by application of the Scherrer equation, which indicated 239

an average crystal size of ca. 20 nm in all samples. It should be noted 240

that a reliable analysis of changes in the size of the CuO crystals by 241

XRD is hindered by peak broadening due to the presence of the 242

crystalline zeolite support in addition to instrumental broadening, 243

meaning that smaller crystals may not be detected and high errors 244

may result (>20%). 245

The copper loading and porous properties of the samples are 246

compiled in Table 1. Analysis by means of ICP­OES revealed a 247

comparable copper content in the conventional and hierarchi­ 248

cal zeolites of 7.7 and 8.6 wt%, respectively, which remained 249

unchanged after use. These loadings are higher than the amount 250

theoretically required to fully occupy all ion exchange sites (ca. 251

1 wt%), which implies that the remaining copper is randomly 252

deposited over the zeolite particles. As seen in Fig. 2, the conven­ 253

tional H­ZSM­5 exhibited a typical type I isotherm with a limited 254

uptake of N2 at higher relative pressures. A similar N2 isotherm was 255

found after copper exchange, Cu/H­ZSM­5, although the micropore 256

volume and mesopore surface area were slightly diminished fol­ 257

lowing the metal introduction. The formation of mesopores upon 258

post­synthetic modification of the conventional zeolite was clearly 259

visible from the types I–IV N2 isotherms of the hierarchical zeo­ 260

lites shown in Fig. 2 [42]. The increased uptake at high relative 261

pressures (p/p0 > 0.5) corresponded to the filling of the generated 262

mesopores. Analysis of the pore size distribution indicated that 263

mesopores of 12 nm average diameter were developed. This led to a 264

significant increase in mesoporosity in terms of mesopore volume 265

(by 0.43 cm3 g−1) and mesopore surface area (by 230 cm3 g−1), that 266

was almost entirely preserved after copper introduction. Following 267

three CST cycles, a slight drop in micropore volume was observed in 268

all cases except for Cu/mesoH­ZSM­5, and a moderate reduction in 269

mesopore surface area (Table 1). The latter could be related to coke 270

deposition, which was evidenced over both the protonic zeolites 271

(ca. 5.2 wt%) and over Cu/H­ZSM­5 (ca. 1.1 wt%) (see Fig. 3). In the 272

case of the copper­loaded zeolites, this could also reflect some sin­ 273

tering of the CuO nanoparticles. Moreover, the higher temperature 274

reached in the CST (600 ◦C) than during the catalyst preparation 275



Please cite this article in press as: B. Puértolas, et al., Appl. Catal. B: Environ. (2014), http://dx.doi.org/10.1016/j.apcatb.2014.02.013

ARTICLE IN PRESS
G Model

APCATB 13180 1–10

4 B. Puértolas et al. / Applied Catalysis B: Environmental xxx (2014) xxx–xxx

Table 1

Characterization data of the as­prepared HC traps, and after use in three consecutive CSTs.

Sample Cu contenta [wt%] SBET
b [m2 g−1] SMESO

c [m2 g−1] VMICRO
c [cm3 g−1] VMESO

d [cm3 g−1]

Fresh Fresh Used Fresh Used Fresh Used Fresh Used

H­ZSM­5 – 469 392 58 36 0.18 0.16 0.10 0.07

Cu/H­ZSM­5 7.7 392 330 43 43 0.14 0.13 0.11 0.09

mesoH­ZSM­5 – 528 464 284 153 0.10 0.09 0.51 0.38

Cu/mesoH­ZSM­5 8.6 472 421 238 178 0.09 0.09 0.63 0.47

a Measured by ICP­OES.
b BET method.
c t­plot method.
d VMESO = VP/P0=0.99 −VMICRO.

(550 ◦C) can also be the origin of the decreased surface area after276

use.277

Fig. 4 shows representative FEG­SEM micrographs of the con­278

ventional and hierarchical zeolites. While both zeolites exhibited279

comparable particle sizes and morphology, some differences could280

be pointed out. Secondary electron (SE) images of the conventional281

sample revealed some particles of distinct rod­like morphology282

located at the external surface of the larger zeolite crystals, which283

could be related to the copper oxide phase detected by XRD. The284

different composition was confirmed by the much brighter appear­285

ance of these features in the back­scattered electron (BSE) images,286

consistent with a higher average atomic number expected for the287

latter phase. On the other hand, these particles were not visible288

in either the SE or the BSE images of Cu/mesoH­ZSM­5. Finally,289

some accessible mesopores appeared in the external surface of290

the hierarchical zeolite crystals, resulting from the post­synthetic291

modification.292

TEM images of the fresh copper­loaded conventional zeolite293

(Fig. 5a), evidenced a heterogeneous dispersion of copper oxide,294

with particles of similar shape to those visible in the BSE images295

in addition to smaller­sized nanoparticles decorating the external296

surface of the zeolite. Thus, a wide particle size distribution rang­297

ing from 2 to 20 nm was attained. No significant differences were298

appreciated when this sample was used repeatedly as a HC trap299

in the CST (Fig. 5b). In the case of the copper­loaded hierarchi­300

cal ZSM­5 (Fig. 5c), the TEM micrographs confirmed the preserved301

crystallinity of the zeolite. This alkaline treated and acid washed302

Fig. 3. TGA data of the used samples after three consecutive CSTs.

sample exhibits intracrystalline mesopores of about 10 nm diam­ 303

eter in agreement with the pore­size distribution determined by 304

N2 sorption. It is noteworthy that the large copper oxide particles 305

identified for the conventional zeolite were less prominent in the 306

hierarchical sample. In addition, as observed for the conventional 307

zeolite, no differences in the dispersion of the copper oxide particles 308

were noticed after use (Fig. 5d). 309

Fig. 6 shows the HAADF­STEM images of both the conventional 310

and hierarchical zeolites loaded with copper. Consistent with the 311

BSE images, the rod­like copper oxide structures appearing with 312

brighter contrast were observed surrounding the conventional 313

zeolite particles. The image of the hierarchical zeolite clearly high­ 314

lighted the uniform distribution of intracrystalline mesopores. It 315

is likely that small nanoparticles decorated the entire surface, but 316

the tendency to sinter and to form large nanoparticles was strongly 317

reduced by the larger spatial separation. 318

FTIR spectra in the hydroxyl stretching region of the different HC 319

traps are reported in Fig. 7. Equivalent intensities of the band corre­ 320

sponding to bridging hydroxyls at Brønsted acid sites (3610 cm−1), 321

an increased intensity of the band arising from isolated termi­ 322

nal silanol groups (3740 cm−1), and a decreased intensity of the 323

broad contribution associated with silanol nests (centered at ca. 324

3450 cm−1) compared with the conventional H­ZSM­5, were as 325

expected for the hierarchical zeolite in protonic form [32]. In the 326

Cu­loaded analogues, the interaction of copper with the related 327

hydroxyl groups resulted in decreased band intensities. This was 328

most noticeable for the Brønsted acid hydroxyls, which disap­ 329

peared almost entirely, supporting the incorporation of copper in 330

cation exchange sites [21,43]. As a consequence of the reduced 331

intensity of the Brønsted hydroxyl stretch, the band at 3640 cm−1
332

appeared more prominently in the copper­containing zeolites. This 333

frequency is associated with hydroxyls at defect sites within the 334

zeolite structure, which clearly did not interact significantly with 335

any copper species [44]. No significant changes were evidenced by 336

FTIR following CST testing (Fig. 7). 337

Temperature­programmed desorption of ammonia (NH3­TPD) 338

was used to further characterize the strength of accessible acid 339

sites in the catalysts (Fig. 8). Due to the conditions used, all 340

the samples displayed a desorption peak below 150 ◦C related 341

to weakly physisorbed ammonia. At higher temperatures, two 342

characteristic contributions centered, at ca. 180 and 370 ◦C were 343

similarly distinguished for the protonic zeolites, in agreement with 344

the comparable acidic properties of the conventional and hier­ 345

archical H­ZSM­5 zeolites. A substantially different behavior was 346

seen for the copper­containing zeolites, which exhibited addi­ 347

tional desorption peaks (centered at ca. 280 and 460 ◦C), while 348

the peaks related to the protonic zeolites became less noticeable. 349

The creation of distinct adsorption sites in copper­containing ZSM­ 350

5 zeolites has been previously reported [45–49]. In particular, at 351

high copper loadings, various copper species including isolated 352

Cu2+ ions, Cu2+O− and Cu2+O2−Cu2+ compounds, and CuO clus­ 353

ters, can exist, and consequently the number and strength of sites 354

are expected to depend on the content and location (e.g. specific 355



Please cite this article in press as: B. Puértolas, et al., Appl. Catal. B: Environ. (2014), http://dx.doi.org/10.1016/j.apcatb.2014.02.013

ARTICLE IN PRESS
G Model

APCATB 13180 1–10

B. Puértolas et al. / Applied Catalysis B: Environmental xxx (2014) xxx–xxx 5

Fig. 4. Secondary (a and b) and back­scattered (c and d) electron images of Cu/H­ZSM­5 and Cu/mesoH­ZSM­5, respectively.

cation exchange sites and extraframework) of the copper species.356

Furthermore, the findings of Il’ichev et al., who combined electron357

spin resonance with NH3­TPD and evolved gas analysis, specifically358

related the higher temperature desorption peaks observed over359

copper­loaded ZSM­5 with adsorption complexes formed on Cu2+
360

ions, demonstrating that these sites caused the decomposition of361

ammonia to H2O and N2 [49]. In this case, the high­temperature362

contribution was greater for the hierarchical zeolite, evidencing363

a greater number of such strongly adsorbing sites in this sam­364

ple. Cu/mesoH­ZSM­5 also appeared to have the largest interaction365

with ammonia molecules. In line with the FTIR observations, no366

significant change in the NH3­TPD profiles was visible for the367

protonic zeolites after three consecutive CSTs. However, some dif­368

ferences were noticeable with respect to the high­temperature369

desorption peak for the copper­loaded zeolites, which disappeared370

completely in the microporous Cu/H­ZSM­5 sample. It is possi­371

ble that these sites are blocked by the coke formation evidenced372

in this sample, or that the underlying copper species suffered373

from sintering, but, in the latter case this does not appear to be374

related with dealumination of the zeolite framework. The fact that375

the high­temperature desorption peak remained in the case of376

Cu/mesoH­ZSM­5, evidenced the superior stability of the hierar­377

chical sample.378

3.2. Catalyst performance379

Fig. 9 shows the CST profiles observed over the conventional and380

hierarchical acid zeolites. During the first minutes of the CST, the381

signal of HCs (propene and toluene) was kept close to zero in both382

cases, due to either physical adsorption or chemical interactions383

between HCs and adsorbent surface [19]. As the system tempera­384

ture was increased, the adsorption was no longer favored and the385

CST profile showed HC evolution peaks, firstly for propene and,386

after for toluene. Eventually, the HC signals reached a maximum387

and started to decrease due to the onset of catalytic combustion388

above the HC desorption temperature, until reaching steady­state. 389

HC desorption was found to start earlier over meso/H­ZSM­5 than 390

H­ZSM­5 (see Figs. 9 and 10), and a higher concentration of propene 391

and toluene was observed over the former zeolite at steady state. 392

The lower adsorption capacity evidenced over the hierarchical 393

zeolite in protonic form can be attributed to the reduced micro­ 394

pore volume of this sample (see Table 1), whereas the decreased 395

retention of HCs could be related to the greater accessibility of 396

the adsorption sites and consequently facilitated desorption of 397

the trapped HCs with increasing temperature. It is important to 398

note that by applying a constant feed gas composition during the 399

CST, the location of the HC peak can be shifted to higher temper­ 400

atures since, in addition to the temperature ramp, the desorption 401

of HCs trapped by the zeolite also depends on the concentration 402

gradient in the feed. 403

Limited catalytic activity was observed over the protonic zeo­ 404

lites, especially for mesoH­ZSM­5, which showed the lowest CO2 405

evolution and the lowest propene desorption temperature of all the 406

HC traps studied (see Figs. 10 and 11(a)). On the other hand, Fig. 9 407

shows the relative CST profiles measured for the copper­loaded 408

counterparts. A clear reduction of the HC signals was observed 409

at the reactor outlet over both Cu/H­ZSM­5 and Cu/mesoH­ZSM­ 410

5 compared to the base protonic zeolites, and even close to zero 411

signals were obtained in the case of the hierarchical sample. The 412

remarkably improved performance of both copper­containing zeo­ 413

lites is consistent with the enhanced interaction of HCs due to the 414

presence of the stronger adsorption sites evidenced by NH3­TPD. In 415

terms of catalytic activity, although both solids were able to oxidize 416

the HCs, the catalytic combustion started earlier in the hierarchi­ 417

cal sample (Fig. 11a) in line with the better dispersion of copper 418

nanoparticles observed for this sample. The oxidation of HC under 419

lean conditions was also reported by Meng et al. [50], who observed 420

ca. 70% toluene conversion at 400 ◦C over Mn­ZSM­5 catalysts. The 421

reduced CO2 emission over Cu/mesoH­ZSM­5 than over Cu/H­ZSM­ 422

5 at the end of the CST, is thought to result from the more efficient 423
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Fig. 5. TEM images of Cu/H­ZSM­5 (a and b) and Cu/mesoH­ZSM­5 (c and d), as­synthesized (a and c), and after three CST cycles (b and d), respectively.

desorption of HCs at lower temperatures in the former sample.424

Although a high trapping capacity is typically desired, in this case425

the faster desorption of HCs is countered by a more efficient cat­426

alytic combustion of the HCs desorbed.427

The possible occurrence of propene polymerization over the 428

samples was studied by mass spectrometric analysis of the evolved 429

gas components, since any oligomers formed during the driv­ 430

ing cycle could also be emitted to the atmosphere. As seen on 431

Fig. 6. HAADF­STEM images of Cu/H­ZSM­5 (a) and Cu/mesoH­ZSM­5 (b).
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Fig. 7. FTIR spectra in the hydroxyl stretching region of the as­synthesized

microporous (a) and hierarchical (b) HC traps, and following three CST cycles (des­

ignated­u).

comparison of the fragmentation patterns observed during the CST432

at 240 ◦C (Fig. 12), several m/z peaks could be observed in the range433

m/z = 20­100 over the protonic zeolites, of which a signal at m/z = 56434

was one of the most prominent. The evolution of the peak was more435

prominent over the hierarchical zeolite than over the conventional436

counterpart, which could be attributed to a better accessibil­437

ity to the acid sites where the production of these compounds438

takes place (Fig. 11b). In contrast to the extensive oligomerization439

observed over the zeolites in protonic form, the introduction of440

copper seemed to completely inhibit the emission and/or forma­441

tion of these molecules for which no mass fragments were detected442

(see Fig. 12).443

Moreover, it is noted that both acid zeolites and the microp­444

orous Cu/H­ZSM­5 catalyst deactivated slightly after three CSTs445

(see Fig. 10). TGA analysis revealed the presence of coke (ca. 1.1446

wt%) in this sample (see Fig. 3). On the other hand, no deactiva­447

tion was observed for the hierarchical copper­exchanged zeolite448

after three consecutive cycles (neither propene emission nor coke449

formation was detected).450

Finally, in order to assess the performance of the copper­loaded451

hierarchical zeolite under a wider range of operational conditions,452

two additional scenarios have been considered. In the first case,453

the amount of oxygen in the main stream was decreased to 0.115%454

(v/v). This would correspond to the stoichiometric oxygen required455

to control the current HC emissions. The propene desorption tem­456

perature of both copper­loaded zeolites after 4 CSTs are shown457

Fig. 8. NH3­TPD profiles of the as­synthesized microporous (a) and hierarchical (b)

HC traps, and following three CST cycles (designated­u).

Fig. 9. Simulated CSTs for conventional (black lines) and hierarchical (grey lines)

zeolites, propene (a), toluene (b). Conditions: 0.01% (v/v) propene, 0.0087% (v/v)

toluene, 1% (v/v) O2 , 10% (v/v) H2O and Ar balance, GHSV = 60 K h−1 .

in Fig. 13. As noted, the propene desorption temperature of the 458

microporous sample is lower than that observed for the hierarchi­ 459

cal counterpart, which could be attributed to the improved catalytic 460

activity demonstrated by the latter. Encouragingly, efficiencies 461

higher than 90% were achieved in both cases. Under these condi­ 462

tions, TGA analysis evidenced only marginal coke formation after 4 463

cycles, which agrees well with the stability of the traps under these 464

conditions. 465

In the second case, 1.6% CO (v/v) was introduced in the main gas 466

stream, corresponding to a lambda value (the ratio of the actual 467

air­fuel ratio to the stoichiometric air­fuel ratio) of ca. 1. Under 468
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Fig. 10. Propene desorption temperature for different HC traps for the three CSTs. C1 ,

C2 and C3 denote 1st cycle, 2nd cycle and 3rd cycle, respectively. Conditions: 0.01%

(v/v) propene, 0.0087% (v/v) toluene, 1% (v/v) O2 , 10% (v/v) H2O and Ar balance,

GHSV = 60 K h−1 . No results are shown for the copper­loaded hierarchical zeolite

since no propene desorption was observed for this sample.

these circumstances, both CO and the HC would compete for the469

oxygen in the exhaust stream. The propene desorption tempera­470

tures of the Cu­loaded zeolites after 4 CSTs are shown in Fig. 13.471

As can be observed, the performance of the traps slightly declines472

compared to that exhibited in the absence of CO (see Fig. 10). The473

low propene desorption temperature observed for the microporous474

zeolite (below 175 ◦C) could be ascribed to the inferior catalytic475

activity of this sample. In contrast, the retention of propene to tem­476

peratures higher than 290 ◦C and the overall propene efficiency of477

greater than 97% evidenced for the copper­loaded hierarchical zeo­478

lite are promising results. Unfortunately, a slight deactivation was479

observed in both cases. TGA analysis revealed the presence of a sim­480

ilar amount of coke (7 wt%) in both samples after 4 cycles, which481

could be one reason for the reduced propene efficiency. Accord­482

ingly, a very active CO oxidation catalyst prior to the trap could be483

necessary to possibly diminish the deactivation phenomenon.484

4. Discussion485

In a previous work [19], it was observed that an optimum par­486

tially copper­exchanged zeolite could behave as an ideal trap under487

simulated cold­start conditions at a GHSV of 10 K h−1. The amount488

of copper in ion­exchange positions and the presence of CuO par­489

ticles on the external surface of the zeolite crystals were found to490

be key parameters for the performance of these solids as HC traps.491

None of the materials studied, however, were able to trap all HCs492

upon increasing the GHSV from 10 up to 60 K h−1. Clearly, an opti­493

mal interplay between the accessibility to copper in ion­exchanged494

positions (beneficial for the sorption process) and copper as CuO495

particles (beneficial for the combustion of the desorbed HCs [51])496

should be achieved. Now, in order to overcome these restric­497

tions, alkaline treatment combined with a sequential acid wash498

was applied to the commercial H­ZSM­5 zeolite. The result was499

a hierarchical zeolite that had an ideal behavior as a HC trap at500

higher GHSV. A larger external surface, arising from the intro­501

duction of intracrystalline mesopores, coupled with the preserved502

Fig. 11. CO2 (a) and oligomer (b) evolution during the simulated CSTs for different

HC traps. Conditions: 0.01% (v/v) propene, 0.0087% (v/v) toluene, 1% (v/v) O2 , 10%

(v/v) H2O and Ar balance, GHSV = 60 K h−1 .

intrinsic crystallinity and acidic properties of the conventional H­ 503

ZSM­5, led to an enhanced accessibility of copper sites located in 504

ion­exchanged positions and to an increased dispersion of copper 505

species. Based on the FTIR results, high degrees of ion exchange 506

were achieved in both the conventional and hierarchical sam­ 507

ple. Nevertheless, the copper­loaded hierarchical sample exhibited 508

the highest catalytic activity for HC combustion. According to the 509

analysis by XRD, FEG­SEM, and HAADF­STEM, the conventional 510

sample presented larger copper oxide particles with rod­like crys­ 511

tal morphology visible on the external surface of zeolite particles, 512

which were less prominent in the hierarchical analogue. This 513
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Fig. 12. Mass scan in the range m/z = 20–100 during the CST for different HC traps.

Conditions: 0.01% (v/v) propene, 0.0087% (v/v) toluene, 1% (v/v) O2 , 10% (v/v) H2O

and Ar balance, GHSV = 60 K h−1 , T = 240 ◦C.

confirms that an improved dispersion of copper oxide nanopar­514

ticles was achieved due to the increased external surface of the515

hierarchical zeolite. Consequently, the copper­loaded hierarchi­516

cal zeolite showed the lowest propene desorption temperature,517

complete removal of oligomers, no coke formation, and almost518

full HC conversion at high temperature. Finally, a higher stability519

was evidenced for the hierarchical copper­loaded zeolite, which520

exhibited no signs of deactivation after three consecutive cycles521

under very demanding operational conditions, while minor deacti­522

vation was noted over the conventional copper­loaded zeolite. This523

Fig. 13. Propene desorption temperature for different HC traps for the two scenar­

ios. C1 and C4 denote 1st cycle and 4th cycle, respectively. Conditions scenario 1:

0.01% (v/v) propene, 0.0087% (v/v) toluene, 0.115% (v/v) O2 , 10% (v/v) H2O and Ar

balance, GHSV = 60 K h−1; Conditions scenario 2: 0.01% (v/v) propene, 0.0087% (v/v)

toluene, 1% (v/v) O2 , 1.6% (v/v) CO, 10% (v/v) H2O and Ar balance, GHSV = 60 K h−1 .

is consistent with the decreased concentration of high­strength 524

adsorption sites and the presence of coke evidenced for the lat­ 525

ter sample by NH3­TPD and TGA analysis, respectively. Thus, both 526

blockage of the adsorption or catalytic sites due to coke formation, 527

or their loss due to the migration of copper species could originate 528

the deactivation observed in this case, although the occurrence of 529

sintering could not be confirmed by XRD or TEM. The high stabil­ 530

ity of the copper loaded hierarchical zeolite is in agreement with 531

previous findings [30], where it was suggested that the sintering of 532

cobalt catalysts could be suppressed when supported on hierarchi­ 533

cal zeolites. 534

Conversely, although no deactivation has been observed for the 535

copper­loaded hierarchical zeolite, this sample was tested under 536

much more highly demanding operational conditions, i.e. (i) with 537

the stoichiometric oxygen concentration and (ii) in the presence of 538

CO. The results are still encouraging since HC removal efficiencies 539

greater than 90% are achieved, despite the observation of a slight 540

deactivation when CO is present into the main gas flow. Under these 541

conditions, appreciable amounts of coke are deposited on the HC 542

trap surface, which is a well­known problem observed for this type 543

of materials when applied for NOx abatement that could possibly 544

be diminish by using a very active CO oxidation catalyst prior to the 545

trap. Consequently, a higher number of cycles under real conditions 546

should be performed in order to ensure the promising HC removal 547

efficiency observed for this material. In addition to this, joint studies 548

on the optimum configuration of the HC trap and the TWC in the 549

gas exhaust manifold need to be undertaken since coke formation 550

was greatly avoided under the first scenario. 551

5. Conclusions 552

This study revealed that the development of mesopores by alka­ 553

line treatment prior to the introduction of copper enhanced the 554

catalytic trapping performance of Cu/H­ZSM­5 zeolites. Results of 555

simulated CSTs showed that the increased external surface area 556

played an important role in the properties of the hierarchical mate­ 557

rial. These structural features translated into a stable bifunctional 558

catalyst that was able to perform as an ideal trap under very 559

demanding operational conditions, GHSV: 60 K h−1. The hierarchi­ 560

cal copper­loaded zeolite maintained its remarkable HC adsorption 561

capacity, while a better dispersion of copper nanoparticles on 562

the zeolite external surface led to exceptional catalytic properties 563

over multiple consecutive cycles. Although high efficiencies were 564

reached for this material, slight deactivation was evidenced over 565

the copper­loaded hierarchical zeolite under very demanding oper­ 566

ational conditions. Thus, a higher number of cycles under a wider 567

range of feed compositions, such as in the presence of other hydro­ 568

carbons or CO, are necessary to confirm the potential application 569

of these materials for HC removal under cold start conditions. 570
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