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Abstract

A population balance model for emulsion polymerisation has been developed. This model captures PSD and MWD, both of which are key performance indicators for the end latex product. The model employs purely mechanistic kernels and is aimed at maximising predictive capacity. The model is validated against a multi-objective experimental target. The aim is to predict data for PSD, solids, particle number as well as global molecular weight. The experimental system investigated is a vinyl acetate/ butyl acrylate copolymerisation with ionic emulsifier and thermal initiator. The predictive capacity is tested by tuning the model to one set of experimental data, then trying to predict results from a further perturbed experiment, with no further tuning. The results of this study indicate that the model is able to capture the main process trends as well as providing an accurate representation of quantitative data.
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1. Introduction
Emulsion polymerisation is a process of considerable industrial and technological significance, utilised to produce an increasing variety of high volume and also high-tech, latex-based commodities. It is well known that the key latex characteristic of particle size distribution (PSD) influences rheology [1,2]. In addition, the molecular weight distribution (MWD) of the latex influences end-use properties such as mechanical strength [3] and the fourth moment of MWD is expected to be correlated with the rheology [4]. Thus, the control of PSD and MWD represents an inferential control of end-use properties of the emulsion polymer, and underlines the importance of a detailed mathematical model for PSD and MWD. The difficulty in modelling this highly heterogeneous process lies in describing the complex reaction scheme and capturing the process-driving mechanisms of nucleation, growth and coagulation, which interact in a highly non-linear fashion. Compartmentalisation is an issue in modelling that arises due to the particulate nature of the process and effects termination between radicals contained within particles.
The compartmentalisation issue has been addressed by Ghielmi et al. [5] and Butte et al. [6]. Their work was based on the concept of the singly and doubly distinguished particle [7]. They developed models for MWD distinguishing a particle population by the specific pairs of radicals contained. Arzamendi et al. [8] modelled MWD, whilst assessing compartmentalisation, using the so-called partial distinction approach. 

Min and Ray [9] developed the first comprehensive model for PSD and MWD employing a population balance framework. In their model they explicitly account for the radicals of different lengths in different sized particles, enabling an accurate description of termination events. Saldivar et al. [10] extended this model to copolymer systems including an exhaustive kinetic scheme. Solution of the population balance equations was achieved by discretisation, leading to a differential-algebraic system.  Comparison of the model was made with experimental results for average particle size and average molecular weight, with a good match between the two. More recently Park et al. [11] formulated and solved a comprehensive model for PSD and MWD for a realistic copolymerisation system with a brief comparison to experimental molecular weight data. 
In a previous paper [12] a combined PSD and MWD model was developed. The predictive capacity encompassed PSD and average MWs for each particle size class, spanning the particle size domain. A global average molecular weight was also calculated. The model was used to assess the impact of compartmentalisation by varying the rate of termination within the particles. The global MW predictions were strongly effected by compartmentalisation. The aim of this paper is to validate that model through a detailed comparison to experimental emulsion polymerisation data. A semi-batch vinyl acetate/butyl acrylate copolymer system with ionic surfactant and thermal initiator will be studied. The key latex attributes of PSD, solids, number of particles and global-average molecular weight will be investigated simultaneously. Despite ability to predict an average MW for each discrete particle size, it is currently only feasible to measure the global molecular weight or MWD of the entire system. Model predictive capability is demonstrated by tuning the model to data from one experiment and using this tuned model to predict further experimental results. In the next section a brief review of the important model features will be provided.
2. PSD & MWD Population Balance Model and Numerical Solution
2.1. Model
The PSD information is incorporated via a 1-D population distribution of the polymer particles with respect to their size, as shown in Eq. (1):
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Here the particle density F(r,t)dr is defined as the moles of particles between r and dr at time t. The term dr/dt represents the continuous particle growth via polymerisation of radicals inside the particle. The first term on the RHS represents particle ‘birth’ or nucleation. The second term on the RHS represents the rate of coagulation between particles, the kernel being derived based on the ionic net interaction potential in this case. The growth term in the PSD population balance (as well as the MWD equations, to follow) requires information about the number of radicals contained within particles. The average number of radicals per particle is modelled by a first principles population balance over the rates of entry, desorption and termination within particles.
MWD information is incorporated via 1-D population distributions of the live radicals and dead polymer chains with respect to their length, in different sized particles. Eq. (2) shows the dead chain balance:
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(2)
where Dl(r,t) is the number of dead chains of length l (in a particle of size r, at time t). The first term on the RHS accounts for chain transfer reactions, the second and third account for termination via disproportionation and combination respectively (for more details see [12]). The adjustable parameters used for tuning in this model are the mass transfer coefficient (used in the micellar nucleation and particle entry terms), a constant in the coagulation kernel, the critical micelle concentration (used in the micellar nucleation term), the area occupied by a surfactant molecule (used in the micellar nucleation term), the rate of initiator decomposition and the rate constant for chain transfer to chain transfer agent (CTA).
2.2. Numerical Solution Techniques
The PSD population balance is solved using a decomposition algorithm [13], with a discretisation of the particle size domain. The algorithm solves separately the rates of nucleation, growth and coagulation, whilst holding the PSD, then uses them to update the PSD at each time interval.
For solution of the MWD equations the method of moments is applied to the population distributions over live and dead radicals. The leading moments are used to evaluate the number-average MW (ratio of the first to the zeroth dead moments) and weight-average MW (ratio of the second to the first dead moments). The global-average molecular weight for the entire system is then calculated in Eq. (3):
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Here, 
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 is the global weight-average MW, 
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 is the first dead moment and WAMW is the weight-average MW.
Consistency is maintained between the PSD and MWD by setting the zeroth moment of live radical populations equal to the average number of radicals per particle.
3. Experimental Studies
The system comprises a 0.7 L cylindrical stainless-steel reaction vessel, with mechanical agitation device. Heat transfer is provided by means of an external oil-filled jacket around the vessel. A reflux condenser is connected to the top of the reactor. Reactants are metered via peristaltic pumps or charged via a nitrogen pressurised glass burette. 

Latex samples are characterised for PSD using capillary hydrodynamic fractionation. Gravimetry is used to determine solids (polymer) fraction. MWD is measured via gel permeation chromatography (GPC). A vinyl acetate (VAc) and butyl acrylate (BuA) copolymerisation recipe is implemented. Sodium dodecyl sulphate is used as the emulsifier, sodium persulphate as thermal initiator and dodecyl mercaptan as CTA. A semi-batch feed addition strategy is implemented. The addition strategy was developed to produce a complex bimodal PSD using ideas discussed in. [14] 
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Figure 1: Feed profiles for monomers, initiator (ini) and surfactant (surf)
The nominal feed trajectories are detailed in Figure 1. Case 1 has 1 % CTA dissolved per weight of total monomer, and case 2 has 3 % CTA. Case 1 results are used to tune the model and no further tuning is done in comparison of simulation and data for case 2.
4. Results and Discussion
4.1. Model and experiment comparison for1 wt% CTA case
The adjustable model parameters indicated in the modeling section were first tuned to the first set of experimental results, namely those using 1 wt% CTA. Figure 2(a) shows an excellent overall match between model simulation and experiment for end-time weight averaged PSD. Firstly, the bimodal nature of PSD is accurately reproduced, indicating that homogenous nucleation is responsible for the peak centred around 125 nm and a micellar nucleation event is responsible for the smaller mode centred around 35 nm. The magnitude of the two nucleation events is captured, seen here in the reproduction of respective peak heights. The micellar peak resulting from the simulation is shifted towards the left of the experimental micellar peak, indicating that more coagulation may have taken place than predicted. The homogenous peak resulting from the simulation, although it is centred about the same radius, shows a greater degree of broadening than that indicated by experiment, suggesting a more prolonged homogeneous nucleation than that predicted by the model. This is thought to be partly due to the mass transfer coefficient value used to describe the rate of entry into pre-existing particles and micelles. This parameter will influence the balance between aqueous phase oligomers that are absorbed by particles or micelles and those which grow long enough to undergo homogenous nucleation. This has an important bearing on the number of radicals contained within particles, shaping the peak via particle growth.
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Figure 2: simulation (sim) and experiment (exp) comparison for 1 wt% CTA case for (a) end-time weight-average PSD, (b) particle number, (c) solids and (d) global weight-averaged MW
Figure 2(b) shows that good accord has been attained between simulation and experimental results for particle number.  There is good match between the timing of the particle number increase at around 15 mins, indicative of micellar nucleation (coinciding with surfactant addition). The initial jump in particle number of the experiment is not properly captured by the model (the actual homogenous nucleation event evident from experiment was of larger magnitude than predicted). This would explain the apparent broadening of the homogenous peak in Figure 2(a), i.e. the model predicted a smaller number of particles at the start of the reaction, therefore leading to larger radical numbers in particles and causing peak broadening.
Figure 2(c) shows a good match at initial times between simulation and experiment for solids content evolution. The experimental results show prolonged rate of rapid increase in solids, possibly due to higher rates of propagation than expected. The experimental solids reach a maximum of around 20 %, after which they decrease due to the dilution effect from the added persulphate solution.
Figure 2(d) indicates that despite the relatively low number of experimental sampling points taken for the global MW, there is still a good representation of overall trend demonstrated by the model. The initial peak in MW seems to have been captured, as well as the subsequent rise in MW after around 10 mins. There is however a discrepancy between the results in terms of magnitudes of these MW fluctuations, but the overall MW values are well captured. The initial rise in MW is due to the development of radicals in a monomodal system (homogenous nucleated peak only, at this early time). After the micellar nucleation at around 10 mins there are two modes of particles, which effects the development of MW: decreasing first due to there being many small particles containing short chains, then rising due to growth of both modes of particles. The simulation shows a peak being reached at around 30 mins due to the exhaustion of the more reactive monomer, butyl acrylate, leading to lower propagation rates, the result of which termination and chain transfer reactions become more predominant (lowering MW).
4.2. Model and Simulation comparison for 3 wt% CTA case
This section highlights comparisons made between model and experiment, where the model parameters have not been altered from their initial tuned state (based on the first experiment). Figure 3(a) indicates that experimentally, by increasing CTA concentration the PSD is affected such that the micellar nucleated peak (centred around 35 nm) reaches a higher maximum. This trend has been captured by the model, however the model makes somewhat of an over prediction. 
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Figure 3: comparison between simulation (sim) and experimental (exp) data for 3 wt% CTA case for (a) end-time weight-average PSD, (b) weight-averaged MW
Figure 3(b) indicates that experimentally by increasing the CTA concentration the system MW is considerably lowered (in this case MW peaks at just under 200 k, c.f 500 k peak in previous 1 wt% CTA case). The model also shows the same trend in this respect and still captures the dynamic nature of the MW, as discussed in the previous section.
5. Conclusions

The model was validated in terms of PSD, number of particles, solids and global weight-average MW. Due to the complex and often non-linearly coupled interactions between underlying process phenomena (nucleation, growth and coagulation), this multi-objective case represents a difficult validation task, however the model simulations were observed to coincide well with the obtained experimental data. With further rigorous tuning of model parameters, an even closer fit with experiment is expected. The predictive capacity of the model was also demonstrated by running a simulation of a second experimental case using only the tuned model parameters from an initial experimental run. The trends observed upon perturbing CTA were accurately reproduced by the model. This highlights the potential use of the first principles model in a truly predictive capacity, with a scope to uncover important mechanistic information about the process. It should also be mentioned in that so far, only the bearest minimum number of parameters have been adjusted. There are a few other uncertain parameters which provide additional degrees of freedom.
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