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Abstract 12 

The polymer reaction media and its properties can be altered by recycling a fraction of 13 

liquid products or adding alkane solvents. Less clear is whether this strategy affects hydrogenolysis. 14 

Herein, we investigated the effect of short-chain alkanes Cn consisting of n carbons (n=8, 16, and 15 

32) on the upcycling of high-density polyethylene (HDPE) plastic waste to lubricant-range 16 

products over Ru/TiO2 catalysts by multiscale simulations and experiments. First, we trained a 17 

force field for polymer/surface interactions on a Ru22 nanoparticle (NP) supported on TiO2. Using 18 

replica exchange molecular dynamics simulations, we studied the effect of small hydrocarbons on 19 

the adsorption of a surrogate polymer, C142, on the catalyst. We found segregation of long chains 20 

(C142) at the catalyst surface due to the enthalpy gained by adsorbing more C-C bonds of the long 21 

chains, compensating for entropic losses upon adsorption. Short-chain molecules decrease the 22 

adsorbed carbons of long chains on the Ru NP due to blocking Ru active sites. Compared to the 23 

bulk chains, competitive adsorption results in a broader, heavy-tailed distribution of end-to-end 24 

distance of adsorbed chains. Our experiments demonstrated that catalyst activity declines 25 

significantly beyond simple dilution due to changes in polymer adsorption, and tuning the reaction 26 

media by creating suitable blends impacts hydrogenolysis. Density distributions for a 50:50 %wt 27 

mixture of PP and PE show that PE chains are segregated at the surface, so they are prone to C-C 28 

bond breaking much faster than PP chains. H/D exchange experiments show preferential 29 

deuteration of PE, while CH3 groups of PP remain undeuterated. This may be explained by the 30 

preferential sorption of PE over PP, leading to specific distribution in the polymer blend.  31 
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INTRODUCTION 32 

Chemical recycling of plastic waste to value-added products can complement mechanical 33 

recycling to curtail plastic waste.1 Chemical recycling aims to develop technically feasible, 34 

economically viable, and environmentally sustainable processes.2 Hydrogenolysis of high-density 35 

polyethylene (HDPE), low-density polyethylene (LDPE), and polypropylene (PP) over Ru- and 36 

Pt-based catalysts to lubricant range products has drawn much attention recently because of the 37 

high market volume and market share. Tennakoon et al.3 successfully synthesized a core-shell 38 

Pt/SiO2 catalyst in which the Pt nanoparticles (NPs) are at the edge of nanopores in a mesoporous 39 

silica shell. The catalyst yielded diesel and lubricant-range alkanes from PE. Kots et al. studied the 40 

hydrogenolysis of PP over Ru/TiO2 catalysts and achieved lubricant-range hydrocarbons with 41 

narrow molecular weight distributions.4 42 

 The high activity of Ru and Pt catalysts often leads to cascade methane formation,5, 6 43 

reducing the yield to lubricants. Techno-economic analysis on the conversion of plastic waste into 44 

lubricants showed that a 90% yield to C35 lubricant significantly reduced the cost by 70% (capital 45 

and operating) vs. a 60% yield.7 Consequently, catalyst and process development to increase the 46 

lubricant yield is necessary. A fundamental understanding of interfacial phenomena at the 47 

catalyst/polymer interface is critical to achieve this goal.  48 

One crucial aspect of plastic depolymerization that has received little attention is the design 49 

of the reaction media. One could intentionally add hydrocarbons as solvents to modify the reaction 50 

media properties, such as the melt viscosity and polymer diffusivity. Recycling a suitable fraction 51 

of products can achieve the same goal without using external solvents while alleviating the need 52 

for high purity when separating the recycled stream from the product. 53 

In this work, we employ molecular dynamics (MD) simulations to investigate the effect of co-54 

feeding short-chain alkanes on HDPE plastic waste upcycling over Ru/TiO2 catalysts. We 55 

hypothesize that adding short chains could alter the reactivity by modulating the adsorption and 56 

structural properties of the polymer on the Ru NPs. We develop a force field for the 57 

polymer/catalyst interfacial interactions. We simulate 50:50 wt% binary mixtures of C8:C142, 58 

C16:C142, and C32:C142 over a Ru22 nanoparticle supported on anatase TiO2(101), and we present 59 

experimental results demonstrating that small hydrocarbons in small hydrocarbon-polymer blends 60 

significantly alter the hydrogenolysis reactivity. Finally, we model a 50:50 %wt mixture of 61 



3 
 

polypropylene (PP) and PE and study their relative adsorption on Ru22/TiO2 as it is relevant to the 62 

recycling of mixed plastic waste; the predictions of the molecular dynamics simulations are 63 

confirmed by H/D exchange experiments. 64 

METHODS 65 

Computational 66 

Planewave periodic density functional theory (DFT) calculations were carried out in the 67 

Vienna Ab Initio Simulation Package (VASP 5.4.1)8, 9 to obtain the optimized anatase TiO2(101) 68 

slab, which is the most stable and dominant facet of TiO2 anatase (used in the experiments).  Using 69 

the supercell approach, an 8×4 unit cell with three layers (20.90 × 15.51 × 9.50 Å3), in which 70 

the bottom layer was fixed while the top two layers were relaxed, was constructed with a 25 Å 71 

vacuum layer over the surface.  To model the Ru/TiO2 catalyst, geometry optimization was 72 

performed for a Ru NP consisting of 22 atoms (Ru22) supported on the optimized titania slab. This 73 

Ru NP was used since it gives us reasonable characteristics of a particle model with different facets, 74 

and its diameter (~0.8 nm) is close to the average size of Ru particles used in experiments (~1 nm). 75 

The frozen-core, all-electron projector augmented-wave (PAW)10 method was utilized. The 76 

exchange-correlation energy was calculated within the generalized gradient approximation 77 

(GGA)11 using the revised Perdew-Burke-Ernzerhof (PBE)12-14 functional with Grimme’s D3 78 

corrections.15 Brillouin zone integrations have been performed on a 3×3×1  Γ-centered k-point grid 79 

(Γ point only used for adsorption of alkanes on Ru22/TiO2 in force-field validation), and electronic 80 

wavefunctions at each k-point were expanded using a discrete plane-wave basis set with kinetic 81 

energies limited to 450 eV. Fractional occupancies of bands were allowed within a window of 0.05 82 

eV using Gaussian smearing. The self-consistent field (SCF) calculations converged to 1.0×10-5 83 

eV. A force criterion of 0.05 eV Å-1 was used on relaxed atoms for geometry optimization. The 84 

geometry of the optimized NP is provided in Figure S1. 85 

MD simulations were performed using the LAMMPS MD simulator.16 Using the supercell 86 

approach, the clean Ru/TiO2 surface was represented by a 16×12 slab comprising 576 Ti, 1152 O, 87 

and 22 Ru atoms with dimensions of 41.80 × 46.52 × 77.00 Å3 . The experimental PE melt 88 

density17 of ~0.7 g.cm-3 at 523 K in the middle of the box, representing bulk PE, was achieved by 89 

packing the simulation boxes with the PE chains (see Table S1 for the number of chains used). 90 
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The dimensions of the simulation boxes along the catalyst surface normal were selected so that the 91 

PE melt layer be at least 3 times as large as the equilibrium root-mean-square radius-of-gyration 92 

(Rg) of the PE chains in the bulk.18 The PE melts were exposed to the catalyst surface on one side 93 

and vacuum on the other side along the surface normal. All catalyst atoms were kept fixed during 94 

the simulations. The PE melts were initially built in Moltemplate19 with the OPLS-AA force field20, 95 

21 for PE interactions. The TiO2-PE van-der-Waals interactions were represented by the Matsui-96 

Akaogi (MA) force field.22, 23 To describe the Ru-PE interactions and TiO2-PE electrostatic 97 

interactions, we developed a force field explained in detail below (see Table S2 for all force field 98 

parameters). The geometric mixing rules, 𝜎𝑖𝑗 = √𝜎𝑖𝜎𝑗  and 𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗   were used for cross-99 

interaction Lennard-Jones (LJ) parameters. Simulations were carried out in the canonical ensemble 100 

(NVT) with the Nosé-Hoover thermostat with a temperature damping parameter of 100 ps.24, 25 101 

Electrostatic interactions were accounted for by using the particle-particle particle-mesh (PPPM) 102 

method.26 A 12 Å cutoff radius was used for the non-bonding interactions and the transition 103 

between short- and long-range electrostatic interactions. 104 

All systems were simulated in three stages. First, the bulk PE melt was equilibrated for 1 105 

ns in the NPT simulation. Next, the equilibrated PE melt was brought to the catalyst surface and 106 

the entire system was equilibrated for 25 ns in the NVT ensemble. Finally, the systems were 107 

equilibrated for 5 ns using Replica-Exchange MD (REMD), and data were collected for another 108 

10 ns for 8 replicas. Details of the REMD procedures can be found elsewhere.27-30 The swap 109 

between replicas was tried every 10 ps and the snapshots were recorded for each replica every 5 110 

ps. The replica exchange acceptance probability was ~20%, which ensured a free random walk in 111 

the temperature space.28, 31 To prevent possible drift or rotation of atoms by the temperature 112 

corrections, a momentum drift correction was applied every 50 ps. We used the Multi-State Bennet 113 

Acceptance Ratio estimator (MBAR), implemented in the pymbar program package,32 to obtain 114 

unbiased statistical distributions and averages. 115 

Force Field Parameterization 116 

We parameterized a force field to describe the Ru-PE interactions and TiO2-PE 117 

electrostatic interactions using the methodology developed by Rouse et al.35 First, we optimized 118 

the geometry of Ru22/TiO2 (8×4 unit cell) using DFT. We next performed DDEC6 partitioning of 119 

the electron density36, 37 to obtain the net atomic charges (NACs), bond orders (BOs),38 and the 120 
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cubed atomic moment (CAM) that corresponds to the volume occupied by the atom in the material; 121 

the analysis was performed  in ChargeMol v3.9. 39 Next, we used the local connectivity of atoms 122 

determined by the bond orders (we considered a threshold value of 0.25 for bonded atoms) to 123 

determine the force field atom types. We identified two Ti atom types, bulk (Ti-O6) and surface 124 

(Ti-O5/TiO6), two oxygen atom types, bulk (O-Ti3) and surface (O-Ti2), and three Ru atom types 125 

in the Ru22 NP, top, middle, and contact layer. Finally, we computed the averages of the net atomic 126 

charges and cubed atomic volumes. The average NACs were directly used for partial atom charges 127 

in the force field, with minor modifications providing total zero charge for the system. The average 128 

net atomic volumes were used to determine the attractive Lennard-Jones (LJ) parameter 𝐵 using 129 

the theory developed by Tkachenko and Scheffler,40 and the 𝐵(𝑉) dependencies reported for each 130 

atom by Gould.41, 42 The attractive LJ parameters 𝐴 were determined by simple scaling relations 131 

from the atomic volumes: 132 

𝐴 =
1

2
𝐵(2𝑅𝐴)6     (1) 133 

wherein 𝑅𝐴  is the effective van-der-Waals radius (equal to the minimum of the LJ potential) 134 

corresponding to the atomic volume, 𝑉. For the TiO2 atoms, we only used the partial charges 135 

obtained from the force field. We used MA parameters for the LJ parameters of TiO2,22, 23 which 136 

showed better accuracy during force-field validation (see Figure S2). This behavior could be 137 

attributed to the MA parameters being determined to reproduce the observed crystal structures of 138 

rutile, anatase, and brookite, and the measured elastic constants of rutile. Force field parameters 139 

for the Ru NP on anatase TiO2(101) are provided in Tables S2.  140 

Experimental 141 

Ru/TiO2 catalyst with a Ru loading of 3.3 wt% was prepared.33 The catalyst was reduced 142 

at 300 °C for 3 h in 50% H2/He mixture, then mixed with 2 g of low-molecular-weight PE (Sigma-143 

Aldrich, 427772) and loaded in a 50 mL Parr reactor with a magnetic stirrer. The reactor was 144 

purged 3 times with pure H2, charged with 30 bar H2, heated to 250 °C and kept at this temperature 145 

for 10 min. Then, it was quickly quenched in an ice bath. The gas phase was collected in a 1 L 146 

Tedlar gas bag. The reaction mixture was mixed with dichloromethane solvent (99.8%, Fisher), 147 

which was premixed with known amount of octacosane (>98%, TCI, P/N 00002) standard) and 148 
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filtered through the Whatman 1001-090 paper. The solid residue was dried overnight under 149 

ambient conditions.  150 

The gas sample was analyzed using gas chromatography with flame ionization detector 151 

(GC-FID) on 10m x 0.32mm x 10μm Poraplot Q column on an Agilent 8890 gas chromatograph. 152 

A standard gas mixture (Millipore Sigma 303100-U by Airgas) was used to calibrate retention 153 

times and FID response. An HP-1 column was used and calibrated for liquid analysis using an 154 

alkane standard solution (Supelco 04071 and 49452-U). The solid residue, made up >95% of all 155 

products, was dissolved in toluene (99.7%, Fisher) at 110 °C and separated from the catalyst 156 

powder via decanting. The toluene was then removed from the solid residue in a rotary evaporator, 157 

and the solid was further analyzed with high-temperature gel permeation chromatography (GPC) 158 

using a Tosoh HLC-8312GPC/HT instrument according to a published procedure.34 The resulting 159 

molecular weight distribution was deconvoluted into 5 Gaussian components, and number-average 160 

and weight-average molecular weights (Mn and Mw) were calculated among all components. For 161 

samples containing hexadecane and dotriacontane (>97%, TCI), extra peaks were present in the 162 

GPC curves. The contribution of light alkanes was fitted as a separate peak and subtracted. The 163 

total content of C-C bonds in the solid residue was approximated with the following expression: 164 

𝑁𝐶𝐶 =
𝑚𝑖

𝑀𝑛,𝑖
(

𝑀𝑛,𝑖

14
− 1),   (2) 165 

wherein7 𝑁𝐶𝐶 is the number of C-C bonds, 𝑚𝑖 is the mass of the i-th solid residue, and 𝑀𝑛,𝑖 is the 166 

molecular weight of the i-th solid residue, obtained from GPC analysis. For calculations in this 167 

work, 𝑚𝑖 was assumed to be 2 g, which corresponds to 100% solid yield. The solid yield was 168 

above 95.5% in all experiments due to short reaction times. The number 14 is the molecular weight 169 

of the constituent repeating unit of polyethylene (CH2).  170 

The rate of C-C bond breaking was calculated as: 171 

𝑟𝑐𝑐 =
𝑁𝐶𝐶

0  −  𝑁𝐶𝐶

10 𝑚𝑖𝑛 ∙ 0.05 𝑔𝑐𝑎𝑡

𝜇𝑚𝑜𝑙 𝑜𝑓 𝐶 − 𝐶 𝑏𝑜𝑛𝑑𝑠

𝑠 ∙ 𝑔𝑐𝑎𝑡
 ,     (3) 172 

wherein 𝑁𝐶𝐶
0  is the number of C-C bonds in the initial polymer. 𝑟𝑐𝑐 is normalized by the reaction 173 

time (10 min) and catalyst weight.  174 
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For the H/D exchange experiments, a Parr reactor was charged with 30 bar D2 instead of 175 

H2 to probe selective labeling of PE over PP. A freshly reduced catalyst was mixed with 1 g of 176 

HDPE (Sigma-Aldrich, 427985) and 1 g PP (Sigma-Aldrich, 427888). After that, the reaction 177 

continued as usual. 178 

Attenuated total reflectance Fourier-transform IR spectra (ATR-IR) were recorded in the 179 

Nicolet Nexus spectrometer equipped with a liquid nitrogen cooled MCT detector and Smart Omni 180 

ATR accessory. The polymer mixture and solid residue were homogenized before measurements 181 

to avoid extensive phase separation. The solid was dissolved in toluene at 110 °C followed by 182 

toluene removal in a rotary evaporator. This procedure led to more uniform PP and PE distribution 183 

within the sample.  184 

RESULTS AND DISCUSSION 185 

Force Field Assessment 186 

The force field of Ru22/TiO2 was validated by comparing adsorption energies (at 0 K) of 187 

C1 to C10 alkanes to DFT values. Figure 1 shows the force field validation results within DFT 188 

accuracy. The optimized structures of the molecules on the catalyst surface are provided in Figure 189 

S4. We also provide the force-field performance using the universal forcefield (UFF)43 Lenard-190 

Jones parameters for Ru atoms in Figure S3 to emphasize the need for force-field development for 191 

Ru-PE interactions. 192 

Mixture Calculations and Experiments 193 

To shed light on how solvents impact the PE reactivity, we modeled a pure C142 melt, along 194 

with 50:50 wt% mixtures of C8:C142, C16:C142, and C32:C142 melts at 523 K over Ru22/TiO2 (Table 195 

S1 lists the number of molecules in each simulation). The density distributions shown in Figure 2 196 

indicate that long chains (C142) segregate at the catalyst surface, in all mixtures. Increasing the 197 

short chain size from C8 to C16 and C32 decreases the C142 segregation to the catalyst surface, which 198 

is associated with the chemical similarity of the mixture components and relative entropy loss of 199 

the short vs. long chains when absorbed to a solid surface. It has been suggested44-47 that surface 200 

segregation is a strong function of the relative polymer-polymer and polymer-surface interactions; 201 

due to entropy, long chains near weakly attractive surfaces prefer to diffuse away, but strong 202 

polymer-surface attractive interactions can compensate for the entropic cost. Although the entropic 203 
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loss of short-chain adsorption is smaller than that of long chains, the enthalpic gain by adsorption 204 

of a greater number of C-C bonds (long trains) in the long chains compensates for the entropic loss 205 

that leads to the surface segregation of long chains. Strong polymer-surface interactions bring all 206 

mixture components to the surface, and no preferred chain length surface segregation is observed. 207 

This observation agrees with our previous work in which a decrease in the strength of Pt potential 208 

led to more long-chain surface segregation in a 50:50 wt% mixture of C20 and C142.48 209 

To reveal the impact of small alkane addition on adsorption, we calculated the number of 210 

adsorbed carbon atoms, Cads, of short and long chains, on Ru22 (see Figure 3); a carbon atom was 211 

considered adsorbed when it was within 5 Å of a Ru . The inclusion of short chains (C8, C16, or 212 

C32) in the hydrocarbon mixture decreased the Cads of C142 chains on the Ru NP. This means that 213 

short chains can block some Ru sites, potentially altering reactivity. Increasing the size of the short 214 

chain in the mixture decreased Cads of C142 and increased that of short chains. This trend agrees 215 

with the distributions in Figure 2, in which the population of short chains on the catalyst increases 216 

with their size.  217 

We conducted experiments for various mixtures to examine how differences in polymer 218 

binding impact the reaction outcome. We evaluated the conversion of 50:50 wt% mixtures of small 219 

alkane and polymer over a Ru/TiO2 catalyst at 30 bar H2 pressure at 250 °C. The solid residue 220 

constitutes 98.2-95.7% of the total product yield at this short reaction time. Therefore, GPC 221 

analysis of the remaining polymer provided quantitative insight into the PE conversion (Figure 4, 222 

S5, and Table 1).  223 

The starting polymer had a molecular weight distribution with two overlapping maxima 224 

and a dispersity (Ð) 1.74. According to GPC, the peak maximum for pure PE after the reaction 225 

shifted to a lower molecular weight than the initial polymer. In conjunction with a minor reduction 226 

in Ð to 1.62, all chains underwent hydrogenolysis, with heavier chains reacting more, leading to a 227 

more uniform distribution. Quantitative analyses in Table 1 indicated that pure PE's Mn was 228 

reduced by ~30%.  229 

The addition of octane (C8), hexadecane (C16), and dotriacontane (C32) leads to a lower Mn 230 

decrease, i.e., a slower evolution of the reaction. This finding is also reflected in the rate of broken 231 

C-C bonds (𝑟𝐶𝐶), which was calculated using Equations 2 and 3. Estimation of 𝑟𝐶𝐶 indicates a 232 

significant error due to the minor formation of liquid products, not considered in this calculation 233 
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(Supplementary Discussion I). In the case of C16 and C32, a substantial amount of short alkanes 234 

was found in the solid residue (Figure S5).  235 

Mw was more sensitive to heavier chains and decreased in all cases, indicating cleavage of 236 

the heavier part of the distribution even with light alkanes added. The average number of cleaved 237 

C-C bonds per starting polymer chain per unit of time was 1.7×10-2 – 8.5×10-4 s-1·𝑔𝑐𝑎𝑡
−1  depending 238 

on the alkane. During 10 min, each chain was cleaved only 0.5 times without added alkanes. This 239 

cleavage rate corresponds to a minor fraction of chains having higher reactivity than the rest. So 240 

heavier chains dominate active sites and cleave initially with the attendant gradual shift of the 241 

whole distribution to lower sizes. This behavior is consistent with previous reports on Ru- and Ni-242 

catalyzed PE conversion.49, 50 243 

Literature data indicate increased polymer self-diffusivity when adding small molecules. 244 

For the octane-PE mixture, the polymer self-diffusion coefficient (Ds) increases fivefold, from 245 

7.6×10-6 to 1.6×10-6 cm2·s-1.51 An increase in Ds according to our data (Table 1) does not lead to 246 

increased reaction rate, indicating bulk diffusion does not limit the reaction. The observed reaction 247 

rate decrease with alkane addition is attributed to competitive adsorption with the polymer, as 248 

shown in the MD simulations. Indeed, small octane or hexadecane molecules bind to the Ru NPs, 249 

decreasing the polymer adsorbed on the active sites. Furthermore, the alkanes dilute the polymer 250 

melt and reduce the overall polymer concentration. Apparent reaction rates (𝑟𝐶𝐶) were normalized 251 

per PE concentration in the melt and polymer molar fraction in the adsorbed layer (Table S3). 252 

Interestingly, the results demonstrate that the catalyst activity declines beyond simple effect of 253 

dilution (see Supplementary Discussion I). The polymer binding to the Ru surface is altered by 254 

short alkanes, which affects reaction rate. Formally, changes in polymer reactivity are expressed 255 

in very low polymer activity coefficients within the adsorbed layer (Supplementary Discussion II).  256 

The addition of octane or hexadecane leads to comparable polymer molar fractions in the 257 

adsorbed layer of 0.44-0.49, but the calculated 𝑟𝐶𝐶 reaction rate in these cases differs 6x. The minor 258 

inhibiting effect of octane, compared to hexadecane, can be attributed to high octane vapor 259 

pressure under reaction conditions, which would lead to lower effective octane content in the melt.  260 

For longer dotriacontane (C32), we find a slight change in Mn and 𝑟𝐶𝐶 in comparison to the 261 

alkane-free case. Hence, despite dilution with dotriacontane, we do observe only slight inhibition 262 
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of hydrogenolysis. Apparently, polymer reactivity depends on having short alkane size, and it was 263 

studied in more detail with simulations. 264 

Structural Properties of Polymers over Ru/TiO2 Catalysts 265 

We used the standard definitions of trains, tails, and loops to analyze the polymer structures 266 

of PE chains on the Ru NP.52, 53 An illustration of these conformational features is provided in 267 

Figure 5: contiguous backbone carbon atoms on the Ru surface define a train; two successive trains 268 

are connected by a loop, whose carbon atoms do not lie on the Ru surface; and a tail succeeds a 269 

train that is not followed by another one, i.e., it is part of a chain extending into the melt. The 270 

number of C-C bonds defines the length of a train, tail, or loop. In our analysis, trains are selected 271 

such that the distance of every carbon atom in a train is less than 5 Å from at least one Ru surface 272 

atom to cover the first adsorption shell over the Ru NP (see Lennard-Jones parameters of Ru atoms 273 

in the SI). These features enable us to statistically predict which and how many C-C bonds lie 274 

close to the Ru NP to qualitatively relate the structure of the polymer at the catalyst surface to 275 

reactivity. 276 

The conditional probability of trains in the long chain plotted in Figure 6a shows a peak at 277 

train length of ~5 for all simulations independent of short-chain alkane size in the mixture.  This 278 

intuitive finding showcases that the size of Ru NP determines the number of consecutive adsorbed 279 

C-C bonds (trains). Adding a short chain to C142 in a 50:50 wt% mixture makes the loop 280 

distributions broader and less structured. It also slightly alters the peak formed at a loop length of 281 

~25 for the pure C142 and C8+C142 simulations vs. that of ~28 for the C16+C142 and C32+C142 282 

simulations. Finally, a longer loop forms when increasing the size of the short chain in the mixture 283 

(see Figure 6c). 284 

The end-to-end distance (e2e) of chains was used to study the impact of the catalyst surface 285 

on the conformations of polymer melts. We distinguished adsorbed chains on the catalyst surface 286 

from those in the bulk and plotted the conditional probabilities of e2e of short and long chains. 287 

Analysis for polymer melts over the Ru22/TiO2 catalyst surface provided in Figure 7 shows a 288 

broader and heavy-tailed distribution of adsorbed chains compared to chains in the bulk. Adsorbed 289 

chains have at least one carbon within 7 Å of the TiO2 surface (see Figure 2) or 5 Å from the Ru 290 

NP surface (see Figure 5). Adding short chains to pure C142 melts does not impact the e2e of chains 291 
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in the bulk (see Figure 7a). Furthermore, short chains in the mixture make the e2e distribution in 292 

long chains (C142) broader and less structured. 293 

PP and PE mixtures 294 

An advantage of chemical recycling compared to mechanical recycling is its applicability 295 

to mixed-plastics waste streams. These can undergo selective catalytic fractionation chemistry in 296 

which sequential steps selectively deconstruct individual plastic materials.2 Here, we have 297 

modeled a 50:50 %wt mixture of polypropylene (PP) and PE to study their relative adsorption on 298 

Ru22/TiO2. C71 chains represent PE and C71 backbones branched with 34 methyl group represent 299 

PP chains. The density distribution in Figure 8 clearly shows that PE chains segregate to the surface, 300 

potentially becoming available for C-C bond breaking compared to PP chains. To confirm this 301 

finding, we performed H/D exchange experiments. H/D exchange in polyolefins is highly sensitive 302 

to polymer-catalyst interactions.54, 55 A mixture of PP and HDPE with comparable Mn reacted over 303 

Ru/TiO2 catalyst for 10 min in D2 gas to convert C-H bonds to C-D bonds, while avoiding complete 304 

H/D averaging (Figure 9).  305 

ATR spectra in the CH stretching region of the initial polymers mixture have peaks for 306 

νas(CH3) at ~2953 cm-1, characteristic of PP.56 A broad and intense peak at 2915 cm-1 corresponds 307 

to νas(CH2) in PE and PP,57 and a sharper signal at 2848 cm-1 is due to νs(CH2), also expected for 308 

both polymers. The CD stretching region of the solid residue after reaction has peaks at 2187, 2136 309 

and 2088 cm-1 due to deuterated CD2 groups, which match the spectrum of deuterated HDPE 310 

(Figure S7). On the other hand, the peak at ~2209 cm-1, a typical of νas(CD3) in PP,56 is absent. 311 

This shows preferential deuteration of PE, while CH3 groups of PP remain undeuterated. This may 312 

be explained by the preferential sorption of PE over PP, leading to specific D distribution of the 313 

polymer blend. 314 

 315 

CONCLUSIONS 316 

We investigated the effect of short-chain alkanes on the upcycling of HDPE plastic waste 317 

over Ru/TiO2 catalysts. We first developed a force field for Ru/TiO2 catalysts, which was validated 318 

by comparing adsorption energies (at 0 K) of C1 to C10 alkanes to DFT values. Unlike previous 319 

simulations on infinitely large uniform surfaces, such a force field enabled us to perform the first 320 
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simulations for a finite metal catalyst particle size on a support and account for polymer-catalyst 321 

and polymer-support interactions. Next, we modeled 50:50 wt% binary mixtures of Cn (n=8, 16, 322 

and 32) with C142 over Ru22 nanoparticles supported on anatase TiO2(101).  323 

Density distributions suggest long chains (C142) segregate at the catalyst surface due to the 324 

enthalpic gain by adsorption of a greater number of C-C bonds (long trains) of long chains, which 325 

compensates for entropic losses when bulk chains adsorb to the surface. The addition of short 326 

chains (C8, C16, or C32) to the polymer melt decrease the adsorbed carbons of C142 chains on the 327 

Ru NP due to blocking Ru active sites and potentially altering reactivity. 328 

Experimental data demonstrate that catalyst activity declines beyond simple dilution. The 329 

addition of octane or hexadecane leads to comparable polymer molar fractions in the adsorbed 330 

layer of 0.44-0.49, but the reaction rate decreases 6x. Small alkanes change the polymer adsorption, 331 

but it is hard to capture experimentally these phenomena. Molecular simulations can provide such 332 

insights in future work. Additional simulation and experiments can better explain how branching 333 

of short alkane will impact the properties of the polymer.  334 

Structural analysis of adsorbed polymers on the Ru nanoparticle indicates that the trains of 335 

long chains have a most probable train length of ~5, independent of short-chain alkane size. This 336 

length is dictated by the Ru NP. The average length of loops increases when increasing the size of 337 

the short chains. The end-to-end distance (e2e) shows a broader and heavy-tailed distribution for 338 

adsorbed chains compared to those in the bulk. Short chains in the melts do not impact the e2e of 339 

bulk chains but makes the distribution in long chains (C142) broader and less structured. The work 340 

can be extended to mixed plastics. For example, we showed that PE preferentially adsorbs at the 341 

catalyst surface over PP in a 50:50 %wt mixture of PE and PP. 342 

Our results demonstrate that interfacial polymer/surface interactions are crucial to 343 

deconstruction. Small alkanes blended with polymers tune the reaction media bulk properties. 344 

Importantly, they also change the adsorption of polymers and, thus, reactivity. Molecular 345 

simulations are instrumental in providing insights and designing the reaction media.  346 

 347 
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Figures and Tables: 368 

a)                                                         b) 369 

 370 

Figure 1. Force field performance in prediction of adsorption energies (at 0 K) of C1 to C10 alkanes on 371 
Ru22/TiO2 surface vs. DFT calculations. “Over Ru” and “Over TiO2” represent adsorption on the Ru NP 372 
and the TiO2 support, respectively (see Figure S4 for the optimized structures).  373 

 374 

 375 



15 
 

 376 

Figure 2. Density distribution plots for 50:50 wt% mixtures of a) C8:C142, b) C16:C32, and c) C32:C32 377 
polyethylene melts at 523 K over Ru22/TiO2. Normalized short (C8, C16, and C32) and long (C142) chains 378 
density distributions are also provided in d) and e), respectively, to show the impact of short-chain size in 379 
the mixture behavior.  380 

  381 
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 382 

Figure 3. Adsorbed carbons over the Ru NP in short and long chains for 50:50 wt% mixtures of C8:C142, 383 
C16:C142, and C32:C142 polyethylene melts at 523 K over Ru22/TiO2 catalyst. Cads is adsorbed carbons on the 384 
Ru NP.  385 

  386 
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 387 

Figure 4. GPC traces for initial PE (a), and solid residues recovered after reaction with no alkanes (b), 388 
and 50% mixture with octane (c). Reaction conditions: 250 °C, 30 bar H2, 0.17 h, 2 g PE, (2 g octane), 50 389 
mg Ru/TiO2 catalyst. 390 
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Table 1. Experimental data on PE hydrogenolysis. 392 

Reaction media Mn, kg·mol-1 Mw, kg·mol-1 
𝒓𝑪𝑪,1 rate of C-C bond breaking, 

μmol·s-1·𝑔𝑐𝑎𝑡
−1  

initial, pure PE 2.22 3.86 - 

no solvent 1.48 2.40 15.1 

octane (n-C8H18) 2.06 3.29 4.9 

hexadecane (n-C16H34) 2.20 3.14 0.8 

dotriacontane (n-C32H66) 1.73 2.21 17.2 
1 Rate of C-C bond breaking in initial PE. Reaction conditions: 250 °C, 30 bar H2, 0.17 h, 2 g PE 393 

(in some cases mixed with 2 g of short alkane), 50 mg Ru/TiO2 catalyst.  394 

 395 

  396 
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 397 

Figure 5. Schematic representation of trains (black), tails (red), and loops (blue). Trains are selected such 398 
that the distance of every carbon atom in a train is less than 5 Å of at least one Ru surface atom to cover 399 
the first adsorption shell over Ru NP (see Lennard-Jones parameters of Ru atoms in the SI).  400 



20 
 

a)                                                                        b) 401 

 402 

c) 403 

 404 

Figure 6. Conditional probabilities of length of a) trains and b) loops in C142 for pure C142 melt and 50:50 405 
wt% binary mixtures of C8, C16, and C32 with C142 over Ru22/TiO2 catalysts at 523K. c) Average length of 406 
trains, tails, and loops of C-C bonds in C142.  407 
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 408 

a)                                                                  b) 409 

 410 

      c)                                                                      d) 411 

  412 

Figure 7. Conditional probabilities of end-to-end distances (e2e) a) in C142 chains and in the bulk that are 413 
not adsorbed on the catalyst surface, b) in short chains (C8, C16, and C32 chains for C8:C142, C16:C142, and 414 
C32:C142 mixtures, respectively) and in the bulk, c) in C142 chains and adsorbed, and d) in short chains and 415 
adsorbed for different polyethylene mixture melts over a Ru22/TiO2 catalyst surface model at 523 K. If a 416 
chain has at least one carbon within a 7 Å height from TiO2 surface (see Figure 2) or in the adsorbed layer 417 
of Ru NP (see Figure 5), it is considered adsorbed. 418 

  419 
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 420 

Figure 8. Density distribution plot for a 50:50 %wt mixture of PE (linear C71), and PP (branched C71 421 
backbone with 34 methyl branches) over a Ru22/TiO2 catalyst surface at 523 K. 422 

  423 
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 424 

Figure 9. ATR-FTIR spectra for PP-PE mixture after reaction. Reaction conditions: 250 °C, 30 bar D2, 425 
0.17 h, 1 g HDPE, 1 g PP, 50 mg Ru/TiO2 catalyst. 426 

 427 
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