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aggregation/sedimentation is still unclear. In this paper, 24 model combinations of two
population-balance models (PBMs) and various collision frequency and settling velocity
models are used to analyse spatiotemporal variations in the size and concentration of
hydroxyapatite (HAp) NP. The impact of initial conditions and variability in attachment
efficiency, a, with aggregate size are investigated. Although permeability models perform well
in calculating collision frequencies, they are not appropriate for describing settling velocity
because of their negative correlation or insensitivity in respect to fractal dimension.
Considering both early and late stages of aggregation, both experimental and model data
indicate overall mass removal peaks at an intermediate ionic strength (5 mM CacCl,) even
though the mean aggregate size continued to increase through higher ionic strengths (to 10 mM
CaCly). This trend was consistent when different approaches to the initial particle size
distribution (PSD) were used and when a variable or constant a was used. These results point
to the importance of accurately considering different stages of aggregation in modeling NP fate

within various environmental conditions.

Keywords: nanoparticles; early and late stage aggregation; sedimentation; population balance

modelling; fractal dimension; settling velocity
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44  Nomenclature

45  a primary particle radius or particle radius in the smallest size class [L]

46  ay aggregate radius in size class k [L]

47  Df fractal dimension [-]

48  Dn hydrodynamic diameter

49 G shear rate [T]

50 i, subscripts used to indicate aggregates size class i and j

51 k, Boltzmann constant

52 Kmax Maximum number of classes considered in the numerical model (<100)

53  ny aggregate number concentration in size class k [L]

54 q geometric factor

55 T temperature [K]

56 Uy aggregate sedimentation velocity in size class k [LT]

57 U, sedimentation velocity of primary particles [LT]

58 vy volume of solids of each aggregate in size class k [L3]

59 v, volume of primary particles [L®]

60 Zg sedimentation depth [L]
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attachment efficiency [-]

aggregate collision frequency in size class i and j [L3T]

differential settling collision frequency [L3T]

orthokinetic collision frequency [L3T™]

perikinetic collision frequency [L3T™]

Kronecker delta

dynamic viscosity of the suspending medium [M T2 L]

List of abbreviations.

CCC critical coagulation concentration

DCR

Dl

DLA

DLS

derived count rate

deionized

diffusion limited aggregation

dynamic light scattering

DLVO Derjaguin, Landau, Verwey, and Overbeek

FP

HAp

IS

fixed pivot

hydroxyapatite

ionic strength
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78 MP  moving pivot

79 NP  nanoparticles

80 PB  population balance

81 PSD particle size distribution

82 RLA reaction limited aggregation

83 Sl Supporting Information
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Introduction

Nanoparticles, often unintentionally released into the environment, have also shown promise
in remediation of hazardous contaminants such as radionuclides.'® Effective in situ field-scale
management of NP is hindered by the lack of adequate models to simulate NP fate and transport
in realistic environmental compartments.* > Considering the long-established potential for
colloids to enhance the mobility of contaminants in groundwater environments® 7 or facilitate
their redistribution in surface water bodies,®° this lack of predictive capability is a critical
concern. Aggregation of NP is important because progressive increase in particle size can
substantially affect NP mobility, reactivity and hence potential contribution to mobilization of
other solute contaminants.* 113 Aggregation has complex interactions with other NP transport
mechanisms such as sedimentation.* > 1 1> This leads to distinct changes in trends of particle
concentration or size over time.** '® The early stage of aggregation, in which the slope of mean
particle size versus time is typically linear, is the subject of many studies.* -8 However, the
late stage of aggregation, more common in environmentally-relevant conditions where
phenomena such as aggregation and sedimentation occur over longer periods with no clear

initial condition, has received relatively little attention to date.'* 6

In late-stage conditions, NP aggregate sizes increase sufficiently to induce sedimentation and
removal from suspension. This may lead to decreasing concentration of NP dispersion and
consequently reduction in aggregation rates. Conversely, differentially-settling aggregates may
collect smaller particles more easily during late-stage. Sedimentation-induced movement of
aggregates may bring about aggregate restructuring.® This may affect the number of collisions
among aggregates thereby changing their consequent aggregation rates and settling velocity.®
20 These complex interacting phenomena may drive localised nonlinearities in slope of mean

particle size or concentration versus time. Many established theories and concepts, such as
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CCC, are invalidated during late-stage aggregation since they are based upon the linear slope

of size or concentration versus time at the early stage.? 2

The ability of PB models to account for both stages in tandem while retaining meaningful
description of the system in terms of parameters such as attachment efficiency, «, and fractal
dimension, Ds is still unclear but is important if PB approaches are to be used to provide
description of aggregation processes within larger-scale models of NP fate and transport.?® 2
In this study, we measure and model the quiescent aggregation and sedimentation of HAp NP
across a range of solution chemistries and at different measurement depths over a period of at
least five hours—sufficient in most of the cases for systems to develop late stage conditions.
We systematically investigate two numerical approaches to aggregation combined with
different settling velocity and collision frequency terms to find the models which best describe
observed mean particle size, averaged concentration, and PSD. Using the best-performing
model set, we then investigate how the trends of parameters change from early-stage to early-
late-stage cases across a range of solution chemistries and at different positions within a short
column. The initial PSD is a critical variable in aggregation modelling. We applied models
with three approaches: initial PSD observed in each experiment as the initial condition in each
model (A); constant initial condition for all experiments/models (B); and the latter approach
with variable-a across different size classes, accounting for aggregate size-driven variations in
surface interaction energy profiles according to the DLVO theory (C).?* This comprehensive
experimental and numerical study yields new insights into both the changing dynamics of
aggregation as NP systems evolve over time, and the applicability of model concepts used to

describe them.

Modelling
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Population balance models such as the Smoluchowski model? ?® are the most widely-used
methods for predicting aggregation-driven PSD of colloidal suspensions.??® However, the
basic discretised form of these models applies only when each aggregate size class volume is
considered the arithmetic sum of volumes of smaller classes. To span the size range that can
result from early and late stages of aggregation, e.g., 40 nm to 10 um, over 10° size classes are
required, for each of which the PB equation should be solved. This is computationally
impractical, particularly when other transport phenomena are modelled or for iterative
calibration of parameters against experimental data. A geometric size discretization technique
proposed® 3! to mitigate this issue was recently used by Dale et al.*? to simulate aggregation
and dissolution of environmentally-relevant NP. A geometric series of aggregate volumes is
given as v;,,/v; = 29, where q is an integer greater than or equal to one. However, values
of g derived from PSD obtained from experimental techniques such as DLS are typically non-

integer, e.g., varying from g =1.574 for Ds = 3 to q¢ =2.63 for Dy = 1.8.

More flexible approaches include FP and MP techniques.®® 3* Fixed-pivot maintains a
minimum number of size classes (bins) via selective refinement of a coarse discretization of
the particle volume dimension. This approach can consider binary or multiple collisions.
Ignoring terms for breakage and adding a sedimentation term, the FP model conserving two

properties of mass and number can be expressed as:*®

jZi kmax
dnk 1 Uk
e _ zji: [1 -3 5”] M@ iBji mny — Ny Z i Prei i — Z. ny (1)
) =

Vg—1S(Vj+V)SVk41

where 1, is given as:
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(" Vpr—@j+v)
] 1A
—————, W S (V1) < Vg
Vk+1~Vk

Nk = < 2)

(Uj-HJl')—Uk_l

\_ Vg—=Vk-1

v V-1 S (U F ) S v

152 The MP model** assumes that when the particle number concentration in a size class changes
153  from sharp-decreasing gradients toward near-uniformity, the 'pivot' (the representative point of
154  each size class in the particle size distribution) moves from the lower end of that class toward
155  the middle. Two differential equations need to be solved over time. Omitting the breakage-
156  relevant terms and considering the sedimentation term, the governing equations for the MP

157  model become:

jzi kmax

dnk 1 Uk
7= 2 [y v eseyn —ne Y Bun-5n ®
Jit

i=1 s
VrS(Vj+V)SVk+1

j=zi

dvk 1 1
E = a Z [1 - E 6]',1'] [(U] + Ui) - Uk] a]-’l-[)’jll- njni (4)

VES(Wj+V)SV4q
158  Equations (1-4) can be solved for a given initial PSD, to yield PSDs resulting from aggregation
159  and sedimentation at any time for a specified sedimentation depth Zs. From the PSD, other
160  quantities such as mean Dy and mass concentration can be determined as described in the SI.
161  Note that, following common practice in this area, " sedimentation is not modelled as a mass

162  transfer process but as a net mass loss rate for each size class which scales linearly with Zs.

163  The collision frequency for environmental colloids is commonly given as the sum of three

164  mechanisms: perikinetic collisions (Brownian), orthokinetic collisions (shear-induced
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aggregation under fluid motion), and differential settling (collection of smaller aggregates by
the larger ones during sedimentation).!” Expressing collision frequencies based on the volume
(or mass) of aggregates as a representative variable,3> % using fractal dimension relationships
and considering permeability drag effects,®® the following relationships yield:

Zk—bT<vi(Dif) + vj(Dif)> %vi_(D_f) + lv _(D_f) 5)

:BPTiki'j = 3[1

3

¢, (5 ((,,Ci@ ol g, O v(%)) ®

.BOTthi'j = p J

2

3 m1 (3% (&= 1y (=
Boirr,; =5 ()2 vo(3 Df) (Ucl-(Z) vi(Df) + Tlc,-(Z) ”J'(Df)> U - U (7)
The superposition of the three rates gives the total rate of collisions, B (i, j):
:Bi,j = :BPrikiJ + IBOrthiJ + ﬁDiffi’j (8)

where () is the drag coefficient correction factor defined as the ratio of drag force exerted on a
permeable aggregate to drag force exerted on an impervious aggregate with the same size,3 40
and n,. is the fluid collection efficiency of an aggregate, defined as the ratio of flow through an
aggregate to total flow approaching the aggregate.®> * To calculate collision frequencies, we
use two permeability models: the Brinkman permeability model*> ** and the Davies
permeability model.*® Additionally, we investigate the use of collision frequencies calculated
based only on fractal relationships without permeability consideration.** * Four types of
settling velocity models were investigated for NP aggregates of fractal nature. These include
an empirical power-law equation,*® 47 a permeability model based on the Davies correlation,*®
8 a permeability model based on the Brinkman model,* 4% % and a fractal model which
considers the effect of the size distribution of primary particles forming each aggregate.*® >

10
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Finally, in the variable « approach, « was calculated based on DLVO theory considering only
van der Waals attraction and electrostatic repulsion interaction energies. The Hamaker constant
for HAp-water-HAp system was calculated as 2.77 x102% J.51 All models and their related

equations are thoroughly introduced in the SI.

Materials and Methods

Numerical modelling

Details of MATLAB® (Mathworks, USA) codes for all models used in this study are available
in the SI. In brief, an explicit forward Euler scheme was used for the time derivative. The
explicit approach was chosen due to potential inaccuracy and computational problems of using
an iterative implicit approach.> A simple forward Euler approach was selected since higher-
order schemes, such as fourth-order Runge-Kutta, were previously found ineffective in solving
PB models, which are examples of “stiff” problems.>> 5 Potential numerical instability in
certain ranges of parameters within the explicit model was mitigated by an adjustable time step
and a novel optimization algorithm based on a heuristic approach which, by incrementing a
parameter at a time within set ranges, enhanced the fit between observations and model outputs
using a parallel processing approach. An automatic increase of initial time step of the ‘slave’
numerical model by the ‘master” optimization algorithm helped prevent unstable runs affecting

the optimization process.

Parameter calibration was conducted on the Chadwick high performance cluster and the
Condor high throughput computational systems at the University of Liverpool. Comparison of
numerical model performance with analytical solutions of the Smoluchowski model for both
monodisperse!’ and log-normal-distributed initial conditions® is demonstrated in the SI. The

Nash—Sutcliffe determination coefficient (a conservative R?)> was used to assess goodness of

11
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fit. In this study, we calibrated the parameters based on the hydrodynamic size as an objective
function and investigate how well the fitted model describes concentration variation over time

and PSD at certain times.

Experiment procedure

Hydroxyapatite (particle density = 3.16 g/cm®) was obtained from Alfa Aesar, UK. Evolution
of aggregate mean size, PSD and concentration over time were measured by DLS (Malvern
Zetasizer Nano ZS, UK). The valid measurement size range reported by the manufacturer is
from 1 nm to 10* nm. Measurements were carried out with an interval of ~3.37 min. For all
measurements, the number of runs was 5 (duration 10 s), beam attenuator index was 11,
position of measurement was 6.5 mm following pre-tests to establish the least noise and highest
reproducibility in the count rate as well as the Z-average data (hydrodynamic diameter, Dn).
Zeta potential was measured with the same instrument with an automatic adjustment. To
prevent the growth of bacteria in samples during the course of the experiment, we added 10
mM sodium azide. This was also beneficial due to its buffering capability to ensure a stable
pH, although corollary measurements indicated a potential variation of +0.52 at pH 7-10 over

24 h.

All experiments were conducted for at least 5 hours and in duplicate according to this
procedure: (1) prepare particle dispersion in DI water with a final particle concentration 50
mg/L, and sodium azide concentration 10 mM; (2) adjust pH at 6, 7, 10, or 11 4+ 0.05 with
NaOH/HCI (100 mM); (3) ultrasonicate 5 min, add electrolyte (CaCly) to reach concentrations
of 0, 1, 2.5, 3, 5, 7.5, 10 mM, immediately vortex 5 sec, transfer to a disposable cuvette and
immediately start the DLS measurement. The whole process duration, from ultrasonication
until the start of the first measurement, was 70 + 20 sec. Standard sample volume of 3 mL
resulted in a measurement depth of ~2.33 cm. We also investigated the impact of the

12
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measurement depth by varying the sample volume as 1 mL, 3 mL, and 4 mL, corresponding to
approximate measurement depths of 0.33 cm, 2.33 cm, and 3.33 cm, respectively. The DCR,
which is the measured DLS count rate divided by the attenuation factor was extracted from the
DLS data and used as an indicator of mass concentration.>®8 To assess the significance of the
relationship between DCR and the mass concentration, DCR was measured at different

concentrations (1, 5, 10, 50, 100, 250, and 500 mg/L) of HAp NP.

Results and Discussion

Experimental results

Figure 1 shows averaged D+ and DCR for HAp at various solution chemistries over 5 hours.
DLS measurements of aggregate Dn evolution showed low noise and good reproducibility as
indicated by small standard deviations of duplicate experiments (error bars, Fig. 1). However,
stability of DCR measurements tended to decrease over time. At constant pH 6, below 3 mM
CacCl; the slope of Dn versus time is near linear on a semi-log plot throughout the experiment;
above 3 mM the slope asymptotes from a steep slope at < 40 min to a gentle slope at greater
times, revealing both early and late stages of aggregation/sedimentation (Fig. 1a). This also
suggests that the CCC lies between 3 and 5 mM CaCl». Similar behaviour is observed for
various pH when the ionic strength is held at 5 mM CaCl, (Fig. 1b). Figures 1c,d illustrate
DCR data normalized to the initial DCR value of each experiment. This quantity drops below
0.5 by the end of the experiments in most cases under the DLA regime (>4 mM CaCl,).
However, normalized DCR increases over time for RLA regime (CaCl, concentrations < 4
mM). This increasing trend might be interpreted as settling, slow-aggregating particles arriving
at the point of measurement from further up the water column, causing increase of mass
concentration in this point to above the initial uniform concentration in the sample. Such an

increased concentration in the lower positions of the water column has been already reported.>®-

13
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%1 Although DCR data have been used as proxy for colloid mass concentration in multiple
studies,>” %8-62:63 jts application in NP studies is less common,® and there have been indications
that DCR can be affected by size® or the number of particles® in addition to the mass. We
assessed the relationship between the DCR and HAp concentration in the ranges 1 to 100, 250,
or 500 mg/L in DI water. The result of this investigation revealed a linear correlation (r? > 0.98
and P > 0.05) between these two factors (Fig. S1, SI). We should note that the use of DLS
data like any experimental technique has inherent measurement uncertainties, e.g., mean
hydrodynamic size might be affected by the larger fraction of PSD.%° However, as shown in
PSD results (Figs. S2 and S3) developing a monodisperse PSD toward later times suggests that

this impact might not be significant here.

Model screening

A detailed discussion of the screening of the 24 model combinations is provided as Sl (Figs.
S4-S6 and Tables S1-S4). Briefly, for both FP and MP models, calculation of collision
frequencies using the simple fractal approach or Davies permeability correlation led to poorer
matches between the experimental and modelled Dy values (Fig. S4) than when permeability
collision frequencies were based on the Brinkman model. In the two former collision models,
R? of Dy data was below 0.5, whereas for the Brinkman permeability model R? increased up to
0.71 (Tables S1 and S2). Fits to DCR data were relatively insensitive to model type (Table S3).
The simple fractal and Davies permeability correlation approaches led to Dn curve shapes
inconsistent with the experimental data. Therefore, we discarded these two collision frequency
models. The best among the settling velocity models, using the FP numerical approach, was
the power-law formulation in terms of fitting for Dy data (R? = 0.71). Using the MP scheme,

the power law, Brinkman permeability, and size distribution models gave close fitting results

14
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with R? equal to 0.68, 0.71, and 0.70, respectively, against Dy data and 0.62, 0.58, and 0.87,

respectively against DCR data (Table S2).

The FP model performs much faster than the MP method in simulating both early and late
stages of aggregation. In fact, once the initial stage of the aggregation is passed, a significant
increase (e.g., 500 times) in the time step length can be adopted for the FP model without
affecting model stability. The MP method, in spite of being originally faster than FP,>® is not
as flexible as FP in reducing the number of time steps in the late stage, potentially because of
sharp gradients at longer times caused by the additional volume-based equation in the MP
model. The final selected model set (FP, Brinkman-permeability-based collision frequency,
and power-law settling velocity) based on a case-specific initial PSD (approach A, Table 1) fit
the experimental data with mean R? of 0.795 (Dn) and 0.670 (DCR) for all cases with various
pH and IS except the cases under the RLA regime (Fig. 1, Table S3). The model matched to
Dn data could well describe normalized DCR trends under the DLA condition, suggesting that

in this regime DCR is an appropriate representative of mass concentration.

Aggregate structure and sedimentation velocity

The model fit results indicate that models assuming bulk density-controlled sedimentation tend
to outperform models assuming permeability-controlled sedimentation. The impact of
aggregate structure on settling velocity is a disputed subject.®® Enhanced sedimentation
velocities compared to Stokes’ law based on hydrodynamic size have been reported and
interpreted as flow through the aggregates reducing the aggregate drag.*® 42 43 87 QOther
studies*” 8 ¢ point to the overestimation of Stokes’ law for floc sedimentation velocity. We
compared trends in terminal settling velocity versus the size of aggregates resulted from each

sedimentation model used in the present study.
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Figure 2 illustrates, for three values of Ds (1.6, 2.0, and 2.3), that the highest sedimentation
velocity is predicted by the Davies permeability model, followed by the Brinkman, size-
distribution-based and power-law models, respectively. The Davies permeability model
predicts an increase in sedimentation velocity with decrease of Ds in agreement with other
studies.*® > %7 However, this model yields an estimate of settling velocity that is much higher
than all the other models.”® The Brinkman model exhibits a slight increase of velocity with Ds
which is only discernible for particles of less than 1 um in size—not considerable in the
sedimentation process.!” ™! This low sensitivity of settling velocity to the aggregate structure
contradicts experimental observations.*: 42 43 47. 67. 88 However, both power-law and size-
distribution-based models predict increased velocity with Ds due to the greater bulk density of
aggregates (Fig. 2). This variation is more significant for the power-law model compared to
the size-distribution-based model, suggesting that the power-law expression is more sensitive
to Dr. Overall, simulations incorporating these bulk density-controlled sedimentation terms

yielded the best fits against our experimental data.

Figure 2 shows that for particles of the same matter and with constant diameter, reducing D
(i.e. increasing porosity and decreasing mass) results in considerable reduction in the settling
velocity according to power-law and size-distribution-based models. Recently, in an insightful
study, Emadzadeh and Chiew’? showed that for large synthetic particles (> 1 cm in size and
density >> 1 g cm) with identical matter and diameter, increasing porosity corresponding to
a decreased mass caused reduction of the terminal settling velocity. However, when particles
of different matter were used to maintain the mass constant too, the particles with higher
porosity exhibited higher settling velocity. This implies for homogeneous NP aggregates with
density of primary particles >> 1 g cm™, the impact of the bulk density of aggregates far
outweighs permeability or drag effects, in agreement with our analysis based on best fits to

early and late stage HAp aggregation data and in contrast to Johnson et al.*®

16
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Attachment efficiency and fractal dimension

Table 1 shows the parameters determined from the fitting (optimisation) procedure,
demonstrating that with the increase of CaCl, concentration above 5 mM the model parameter
o increases above one. Classical theories of aggregation® 22 prescribe that attachment
efficiency increases until the double layer repulsion is completely screened, where the CCC is
met and « is equal to one. Calculation of DLVO profiles, shown in Fig. S7, confirms that at
[CaCl2] = 5 mM there is no energy barrier against aggregation. We interpret values greater
than one in this model parameter as indicating a mechanism associated with the late-stage
aggregation which enhances the effective attachment efficiency above its classical limit.
Although there have been cases in the literature reporting « above unity,®” 376 to investigate
this further, we fitted the model to Dn data only at the early stage (first 20 min) of the processes.
Since we found including Ds as an estimating parameter was not necessary for early-stage
fitting, we fixed this at 1.6 (close to the common DLA range) for all cases of pH and high IS.
Results, presented in Table S5, reveal that for most of the cases o reduces to below one. The
only remaining case with a > 1 also reduces to below one if D is considered as a free parameter

in the optimization process.

To scrutinize this issue further, we fixed the initial PSD in all cases based on a single-peaked
PSD extracted from the experimental case with no aggregation (approach B, Table 1). In this
approach, the very first moments of the aggregation (~70 s), which are not captured in
experiments, are considered by the model with shear coagulation operating, and the
sedimentation process turned off as described in the SI. This approach yields slightly poorer
goodness-of-fit (mean R? 0.736 for Dy and 0.513 for DCR) than approach A (mean R? 0.763
for Dx and 0.64 for DCR) for cases of IS > 5 mM and various pH (Figs. 1, S8 and Table S3).

In contrast to approach A, approach B yields o closer to one in all cases of high IS (maximum
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a 151.65 which occurs at pH 7, Table 1). We furthermore investigated the condition in which «
varies from 0 to 1 with particle/aggregate size according to varying DLVO interaction energies,
using a fixed-PSD initial condition (approach C, Table 1). The results (Fig. S8 and Table S3)
show that for cases of IS higher than 5 mM and for various pH, mean model fit R? is rather
lower than that of previous approaches—0.687 and 0.429 for Dy and DCR, respectively.
Although this approach could fit experimental data cases at 5, 7.5, and 10 mM CaCl,, with only
one adjustable parameter (Ds), there was a need for adding another adjustable parameter in
other cases, due probably to uncertainties in measurement of factors like zeta potential (with
common accuracy on the order of +10%)’" as reported in Fig. S9 and Table S3. Even
considering two adjustable parameters (Ds and zeta potential), approach C was still unable to
fit the case at 3 mM CaCl.. Other non-DLVO factors such as specific-ion effects’® which have
not been considered in this study or some basic assumptions of the DLVO such as perfect
sphere” ignored for nonuniform-shaped porous aggregates might be reasons for the

discrepancies.

Conventionally, open aggregate structures (Ds tends to 1.8) are formed in DLA regime where
every contact results in attachment, while more compacted structures (Ds tends to 2.1) are
formed under the more selective RLA condition.”8 As shown in Table 1, models fitted across
both early and late stage data indicate that at CaCl, concentrations <3 mM (RLA) Ds is lower
than 1.8 while at =5 mM (DLA) Ds ranges is higher than 2.03 and further increases with pH
(up to 2.7 at pH 11). Approach B yielded even larger D on average by 11% compared to
approach A. This difference was 8% for approach C. Strongly overlapping ranges of Ds for
RLA and DLA regimes have been frequently reported in the literature,*” 885 especially for
particles subject to mechanisms other than Brownian diffusion, such as ‘ballistic’
aggregation,'” orthokinetic aggregation,!-8 and differential sedimentation.'® These can be the

result of linear trajectories®’ or restructuring.’® #! It has also been indicated in the literature®”
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8 that rapid particle-cluster aggregation leads to a denser aggregate (Df =2.5) than cluster-
cluster aggregation (Dr =1.8). Allain et al.'® reported a Dr value of 2.2 for calcium carbonate
colloids within the DLA regime under quiescent sedimentation, and others® reported D in
range of 2.3 to 2.8 for calcium phosphate in a system with settling and shear. Experimentally-
measured Ds reported in the literature are typically limited to the early stage of aggregation or

lower aggregation rates than those investigated in the present study.

Fitting the model to only the early stage of experiments showed ranges of Ds consistent with
conventional expectations (Table S5) under the DLA regime. The contrasting trends obtained
when fitting to both stages together suggests the crucial role of late-stage aggregation process
in modifying this parameter. Our observation of an increase in the DCR curves under the RLA
regime versus decreasing DCR in the DLA regime indicates that sedimentation under the RLA
regime is slower than that under the DLA regime (Fig. 1c¢). This implies that the bulk density
and therefore Dr of aggregates in the RLA regime should be lower than that under the DLA

condition.

We deduce that in the late stage, evolved aggregates formed from mixed particle-cluster
populations under the RLA condition are less compact than early-stage aggregates, potentially
as a result of irregular packing geometries and inaccessibility of internal pore spaces to incident
particles in unfavourable interaction conditions.®® Decreasing D over the course of experiments
has been observed already for fullerene NP under both DLA and RLA regimes.*® However,
due to uncertainties associated with the DCR data obtained under the RLA regime (discussed
below), further experimental/modelling investigations are required to confirm this explanation.
Conversely, aggregates formed in late-stage DLA conditions may have higher D (compared to
less-compact early stage aggregates) as a result of internal reorganisation of particles within

each aggregate, aggregate-aggregate collisions, and trapping individual particles in voids of
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large, open clusters during their downward sedimentation.'® 8 It should be mentioned that
model-fit parameter values might bear both experimental and model uncertainties. Direct
experimental measurement of Dr under the late-stage conditions used in this study is a priority

for future work to confirm the model predictions reported here.

Although all three modelling approaches are reasonably successful in fitting the experimental
data, none of final models does so while maintaining all parameter values simultaneously
within the ranges expected from previous literature. The model formulation applied in the
present study is not able to reproduce the experimentally observed rise in DCR data under the
RLA regime, because the sedimentation term used in these models is a simple decay term (last
term in Egs. 1,3) which avoids the computational expense and potential numerical dispersion
problems of solving a spatio-temporal partial-differential equation.* Although it was shown
that DCR is an appropriate indicator of the mass concentration under DLA, it remains for future
studies to validate this conclusion under the RLA regime. The modelled PSDs are shown in
Figs. S2 and S3 and discussed in detail in the SI. Overall, approach B demonstrates the best

overall match between observed PSD and modelled PSD through late-stage conditions.

Mass removal rates and measurement depth

Table 1 shows the predicted mean percentage mass removal after 5 h within a 3 cm modelled
water column for different pH and IS, using parameter values estimated in both early and late
stages. Under the RLA regime (2.5 and 3 mM CaCl.) a negligible (<0.5%) decrease in mass
concentration indicates that sedimentation is minimal, in agreement with our experimental
observations (Fig 1c). Under the DLA regime (5-10 mM CaCl,) and at various pH, for the three
approaches A, B and C predicted mass removal reaches 85.4%, 74.5%, and 71.0%,
respectively. Figure 3 shows that predicted mass removal is greater in the upper part of the

water column. Removal percentage is maximum at pH 7 (86.4%, average of the three modelling
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approaches, Table 1). With increasing pH above pH 7, mass removal decreases (down to 63.6%
on average), consistent with the decrease of o and increase of D (Table 1). Surprisingly, as
illustrated in Fig. 3 under the DLA condition, the percentage mass removal consistently (under
almost all modelling approaches) decreases with increase in the IS from on average 79.5% at

5 mM CaCl; to 78.3% and 68.9% at 7.5 and 10 mM CaCly, respectively (Table 1, Fig. 3).

We examined experimentally how the depth of measurement from the surface of the liquid
affects the parameter values obtained using approach A. The results for depths of 0.33, 2.33,
and 3.33 cm are presented in Table S6 and Fig. S10. For measurements at short distance below
the water surface (0.33 cm), the aggregation is significantly lower than when measured at
greater depths (2.33 and 3.33 cm). This might indicate the significance of differential
sedimentation in aggregation of HAp NP. This also indicates that the late stage of coupled
aggregation-sedimentation processes is less noticeable in the regions just below the surface of
water. The model fit results (Table S6) confirm that late-stage influences on both « and Ds
increase with the measurement depth. Crucially, « determined for the smallest depth (0.33 cm)
assumes a value lower than one and Dx is relatively closer to the common threshold of DLA
regime which agrees with fit result of early stage alone (Table S5). This strongly associates
parameter values a > 1 and D outside expected ranges of DLA regime, with the complications

of interacting late-stage processes during coupled aggregation and sedimentation.

Implications for the fate of NP in groundwater and aquatic environments

The combination of experiment and modelling approaches presented here has enabled the
complex interactions between aggregation and sedimentation to be investigated in NP systems
well inside the late-stage at which the particle-aggregate population has evolved significantly
from its initial PSD. These conditions are likely to be the norm in most environmental systems

in which NP have been resident for any length of time. We demonstrate that population balance
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models can be applied to systems at both stages of aggregate evolution. Although the best-
performing model suite included permeability-based models for describing collision
frequencies, the empirical, density-controlled descriptions for settling velocity were able to
better describe the observed trends in experimental data over 5 h of coupled aggregation and
sedimentation. Allowing the attachment efficiency to vary with aggregate size did not
significantly alter model outcomes compared to assumption of a constant attachment
efficiency, but fitted parameters were much more sensitive to the specification of the initial
PSD. In terms of reduction in computational effort over the late-stage of the processes, we
found the FP aggregation model has a greater capability than the MP technique. These results
have significance in developing practical, computationally-efficient models for the fate and

transport of NP in the environment.

While models fitted to only early stage data showed trends in attachment efficiency and fractal
dimension consistent with classical theory, these trends varied as the systems evolved. Our
results demonstrate that at lower IS (RLA), aggregation is slow, and sedimentation is negligible
in the timescales considered here. At intermediate IS (5 mM CacCl,) near the CCC, a moderate-
rate DLA develops a population of NP clusters which are optimally more efficient at collecting
(by aggregation) and removing (by sedimentation) large numbers of smaller particles and
aggregates than that at higher 1S (7.5 and 10 mM CaCl,) where the system moves rapidly to
fewer, larger, but less-compact aggregates, and overall mass removal rates are reduced due to
slower sedimentation. These lower removal rates within high-1S solutions may bring about
lifetimes and potential transport distances of NP aggregates in agueous suspension in settings
such as marine environments, coastal aquifers, or in soil pore microenvironments that are
longer than expected based on conventional models or extrapolations from experimental data
obtained only in early-stage conditions. Although the population balance techniques applied in

the present study alleviate computational expenses of using an arithmetic particle size

22

ACS Paragon Plus Environment

Page 22 of 32



Page 23 of 32

469
470

471

472

473

474
475
476

477

478

479

480

481
482
483
484
485
486

487

488

489

Environmental Science & Technology

discretization well with a geometric discretization when applied to small-scale laboratory
conditions, it remains a question whether such models are efficient when coupled to fate and

transport models at larger environmental scales, e.g., aquifer and watershed.

Supporting Information.

PDF File: Full model equations; details of MATLAB code; DVLO calculations and results;
development of the parameter estimation algorithm; results of the comparison between
numerical and analytical solutions; further investigations of sedimentation models; fit results

to PSD; graphs of approaches B and C, etc.

Electronic Supporting Information: MATLAB codes developed for solution of FP and MP

techniques and for parameter estimation of population balance models
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Figure 1. Evolution of averaged hydrodynamic diameter, Du, (a,b) and change in mean
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derived count rate (DCR) normalized to the initial derived count rate (DCRo) (c) for HAp NPs

at the point of measurement at various IS with a fixed pH at 6 (a,c) and various pH with a fixed

IS at 5 mM CaClz (b). The model used here was FP with power law formulation and Brinkman

collision model. The modelling approach includes a fixed initial PSD with considering the pre-

early stage of aggregation and a constant attachment efficacy (approach B).
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Figure 2. Trends of settling velocity, U, normalized to the settling velocity of primary particles,

Uo, versus particle radius of each size class, a, normalized by the primary particle radius

(smallest size class), a,, calculated by four different types of velocity models. Fractal

dimension is set as 1.6, 2, and 2.3. The primary particle radius used in these models is 40 nm.
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Figure 3. Modelled mass concentration, C, profiles normalized by the initial mass

concentration, Co, versus the water column depth at (a) 5 mM CaCl> and (b) 10 mM CacCl. after
50, 150, and 300 min. The continuous lines represent approach A (case-specific initial PSD)

and dashed lines represent approach C (fixed initial PSD combined with variable oo computed
by DLVO).
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510

511  Table 1. Model parameters estimated by fitting FP models to both early and late stages of
512  aggregation under different electrolyte concentrations (at fixed pH 6) and different pH (at fixed
513  electrolyte concentration, 5 mM CaCl,) over 5 h, based on three modelling approaches (A, B,
514  C), and mass removal results estimated by the models for a sample volume of 3 mL (3 cm water
515  depth) after 5 h. The power-law model and Brinkman-based permeability model are used to

516  calculate the sedimentation velocity and collision frequencies, respectively.

Parameter  Modelling Electrolyte Concentration (mM) pH
approach
2.5 3 5 7.5 10 7 10 11
(08 A 1.1x10* 7.1x10° 11.60 8.10 1.10 15.40 6.33 1.59
B 2.0x10% 1.0x10° 1.13 1.13 1.23 1.65 1.37 0.21
C NA NA NA NA NA NA NA NA
D); A 1.53 1.48 2.03 2.12 2.27 2.26 2.32 2.70
B 171 1.38 2.53 2.53 2.45 2.69 2.63 2.66
C 1.50 1.50 2.50 2.42 2.25 2.60 2.61 2.70
Removal % A 0.4 1.0 86.1 86.9 70.0 94.9 88.8 84.7
B 0.1 0.1 77.5 75.8 71.8 86.3 81.6 50.9
C 0.1 0.1 75.0 72.2 65.0 78.0 76.8 55.1

517  A:initial PSD; B: identical PSD; C: identical PSD, DLVO; NA: not applicable

518

519
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