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Abstract 21 

The retention of associative polymer molecules poses a significant challenge for its transport 22 

in porous media, and this arises due to the hydrophobic interactions that exists between the 23 

retained molecules. The known experimental approach in literature for quantifying polymer 24 

retention under static or dynamic conditions reports a generalized outcome without adequate 25 

estimates for each type of retention mechanisms. Thus, an accurate quantitative description of 26 

the various retention mechanisms (monolayer adsorption, multilayer adsorption and 27 

entrapment) attributable to associative polymers is crucial for proper optimization of its 28 

transport in porous media. In this work, a novel predictive approach was developed for 29 

quantitative mapping of the various retention mechanisms connected with associative 30 

polymers. The basis was a first-principles method adopted in mapping static to dynamic 31 

retention. This novel approach was achieved by relating the characteristic time scale for static 32 

and dynamic retention to the variation in polymer and reservoir properties, thus making it 33 

possible to correlate static retention results to large-scale dynamic retention with minimal 34 

fitting parameters. Furthermore, the mapping of the static to dynamic retention ensured an 35 

accurate quantification of the different retention mechanisms attributable to associative 36 

polymers. In this model, the in-situ entrapment was linked to the effective pore radius and the 37 

hydrodynamic size of the polymer molecules. Entrapment of polymer molecular aggregates 38 

was predicted based on the assumption that this occurs when the hydrodynamic size of the 39 

molecules becomes equal/greater than the effective pore size in the porous media. In addition, 40 

a threshold concentration value was estimated from which mechanical entrapment of polymer 41 

molecules would occur in a porous media alongside adsorption on pore surface. Similarly, a 42 

concentration value was estimated at which entrapment of polymer molecules becomes the 43 

dominant retention mechanism in the porous media. 44 

Keywords: Associative Polymers; Adsorption; Polymer Retention; Mechanical Entrapment.  45 
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1. Introduction 46 

The retention mechanism of polymer molecules when transported in a porous media occur in 47 

in the form of adsorption and entrapment (Al-Hajri et al., 2018; Al-Hajri et al., 2019; Al-Hajri 48 

et al., 2020). However, these mechanisms are slightly different for associative polymers and 49 

makes their interaction with the pore surface distinctive from non-associative polymers 50 

(Afolabi, 2015; El-Hoshoudy et al., 2017; Bai et al., 2018). In the case of adsorption, 51 

associative polymers have been reported to take place as monolayer and multilayer adsorption 52 

phenomenon whereas for non-associative polymers this occurs as monolayer adsorption 53 

(Seright et al., 2011; Guo et al., 2016; Afolabi et al., 2019a; Afolabi et al., 2019b). The concept 54 

of multilayer adsorption arises due to hydrophobic interactions between the adsorbed polymer 55 

molecules and bulk molecules at the centre of the flow channels. The other form of retention 56 

of associative polymer molecules in a porous media is the entrapment of molecular aggregates 57 

(Li et al., 2016; Quan et al., 2019). Entrapment of associative polymers arises when molecules 58 

interact due to hydrophobic association to form aggregates with molecular size greater than the 59 

original hydrodynamic size of a single polymer molecule. Apparently, aggregation of polymer 60 

molecules occurs in the semi-dilute concentration regime where polymer concentration 61 

exceeds the critical aggregation concentration (Cag) (Li-Bin et al., 2010; Guo et al., 2012; 62 

Kamal et al., 2015; Quan et al., 2016; Jincheng et al., 2018). Therefore, operating at a polymer 63 

concentration above the Cag of the polymer could lead to entrapment of polymer molecular 64 

aggregates in a porous media. A significant challenge with the entrapment of polymer 65 

aggregates is that it negates the propagation of the desired viscous properties of associative 66 

polymers deep into the porous media (Zhang et al., 2014; Yekeen et al., 2017; Torrealba et al., 67 

2019). The well-established experimental methodologies for quantifying polymer retention in 68 

porous media have been reported as the dynamic and the static retention test (Al-Hajri et al., 69 

2019; Al-Hajri et al., 2020). However, these techniques do not uniquely map and quantify the 70 
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various retention mechanisms. Rather, a generalized output is obtained from these experimental 71 

techniques with no clear distinction between the contributions of the various mechanisms 72 

associated with polymer retention. For example, the dynamic retention test gives a more 73 

detailed account of polymer retention in a porous media, but the experimental accuracy in 74 

indicating the various retention mechanisms is limited (Zhang et al., 2014; Yekeen et al., 2017; 75 

Torrealba et al., 2019; Afolabi et al., 2020). Effluent concentration profiles from polymer 76 

injection in a porous media can indicate incremental retention with changing flow conditions. 77 

Zhang (2013) reported that hydrodynamic entrapment of polymer molecules arising from 78 

changing flow rate could be studied by monitoring the concentration of effluent solutions. A 79 

decrease in the effluent concentration with increased flow rate indicates hydrodynamic 80 

entrapment. An increase in effluent concentration with a reduced flow rate implies releasing 81 

the entrapped molecules back to the mainstream. This was further corroborated by the works 82 

of Zhang et al. (2014) and Idahosa et al. (2016) on rate-dependent polymer retention in porous 83 

media. Idahosa et al. (2016) showed that incremental retention due to rate increase or decrease 84 

could be monitored by evaluating the concentration of the effluent solution from the porous 85 

media. This approach was modelled according to Zhang (2013) and Zhang et al. (2014). 86 

However, the known and established experimental procedure for the dynamic retention test in 87 

porous media cannot account for the distribution of these retained polymer molecules around 88 

the various mechanisms. In other words, the outcome of this widely adopted procedure for 89 

dynamic retention test cannot indicate:  90 

a) The proportion of the total polymer retention that can be assigned to mechanical entrapment 91 

and adsorption. 92 

b) If the additional retained molecules arising from incremental flow rate would either 93 

contribute to the existing adsorption or entrapment or both at the same time.  94 



5 
 

In like manner, a predictive approach for the quantification of the various retention mechanisms 95 

in a porous media reported in literature is not well understood. Nevertheless, the predictive 96 

approach is considered important for the purpose of computational modelling, economic 97 

planning and polymer performance forecasting. Therefore, accurate prediction and 98 

quantification of entrapped aggregates is significant as operating with polymer concentration 99 

with substantial number of aggregates each time the size greater than the pore size could 100 

indicate considerable loss of molecules to entrapment with negative economic impact. 101 

Consequently, this work proposes an innovative and novel approach towards mapping static to 102 

dynamic adsorption and quantifying the various mechanisms associated with polymer retention 103 

in a porous media. The proposed approach was developed in such a way to be generic 104 

irrespective of the type of polymer: associative or non-associative. In addition, this novel 105 

approach ensures the prediction of the onset of hydrodynamic entrapment of polymer 106 

molecular aggregates in a porous media. In addition, this approach of predicting the onset of 107 

hydrodynamic entrapment takes into account a threshold concentration value based on the 108 

knowledge of the average pore radius of the porous media and the average hydrodynamic 109 

radius of the polymer molecules from which entrapment becomes the dominant mechanism for 110 

polymer retention.   111 

2. Predictive Approach for Quantification of Polymer Retention Mechanisms 112 

2.1. Mapping Static to Dynamic Retention 113 

A constant denominator for static and dynamic retention is the “Contact Time” for surface 114 

interaction (Kajjumba et al., 2018). This is further shown in Table 1 when comparing the 115 

various adsorption kinetic models. Thus, the following general expression between the amount 116 

of polymer retained at a given time, Γp and the contact time for the static retention process, tc 117 

is given in equation (1)118 
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Table 1: Some of the known kinetic models used in the study of polymer adsorption (Kajjumba et al., 2018). 119 

Name Equation Parameters Remarks 

Pseudo First Order Model 
dΓt
dt

= k(Γe − Γt) 
Γt is the adsorbate on adsorbent in 

time, t, Γe is the equilibrium 
adsorption capacity and k is the rate 

constant. 

The common 
denominator in each 

model is the independent 
time factor 

Pseudo Second Order Model 
dΓt
dt

= k(Γe − Γt)2 
Γt is the adsorbate on adsorbent in 

time, t, Γe is the equilibrium 
adsorption capacity and k is the rate 

constant. 

Elovich Model dΓt
dt

= α�exp−βΓt� 
Γt is the adsorbate on adsorbent in 
time, t, α is the initial adsorption 

rate and β is the desorption 
constant. 

Webb and Morris Model Γt = Kp√t + C 
Kp is the rate constant and C is the 

boundary layer thickness which 
determines the boundary layer 

effect. 

Boyd Model 
Γt
Γ∞

= 1 −
6
π2
��

1
n2
� exp

∞

1

(−n2Bt) 
Γ∞ is the adsorbate at infinite time, 
Bt is a mathematical function of the 

ratio Γt
Γ∞

 

 120 
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Γp ∝ tc           (1) 121 

Equation (1) can be simplified into (2) by introducing a constant, Kc as shown below: 122 

Γp = Kctc          (2) 123 

According to Lohne et al. (2017), the rotational diffussion, Drot of the polymer molecules can 124 

be related to a characteristic time scale, tc as shown in (3) 125 

tc =  1
2Drot

          (3) 126 

This diffussion coefficient was computed using the Einstein–Smoluchowski relation in (4) 127 

Drot = kBT
8πµsRh

3          (4) 128 

Where kB is the Boltzmann constant and Rh is the hydrodynamic radius of a rigid sphere of a 129 

flexible polymer in solution. Substituting (4) into (3), 130 

tc =  4πµsRh
3

kBT
          (5) 131 

The value of Rh is estimated using the expression given by Lohne et al. (2017) in equation (6) 132 

Rh = � 3
10πNA

�
1/3

([µ]Mw)1/3        (6) 133 

Where NA is the Avogadro’s number. Combining (5) and (6), a new expression for tc is in (7)  134 

tc =  � 6
5kBNA

� �µs[µ]Mw
T

�        (7) 135 

Therefore, a modified relationship between the static retention, Γp−st and the contact time, tc 136 

becomes equation (8): 137 

Γp−st = Kc ��
6

5kBNA
� �µs[µ]Mw

T
��       (8) 138 

According to Lohne et al. (2017), computation of the pore residence time for dynamic retention 139 

can be made based on the assumption that the pore length, Lp is equal to the grain size, Dg. 140 

This holds true for simple granular porous media composed of clean sands and sandstones 141 

(Bernabe et al., 2011; Revil et al., 2012). As such, the pore radius, Rp is given in (9) 142 
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2ϕ
Rp

= 6 (1−ϕ)
Dg

= 6 (1−ϕ)
Lp

        (9) 143 

The grain size, Dg or Lp can be calculated as the representative grain size for a packed bed of 144 

mono-sized spherical particles using the Blake-Kozeny equation (Brakstad and Rosenkilde, 145 

2016). Therefore, the pore residence time can be computed as shown in (10) 146 

τr = Lp
𝑣𝑣𝑝𝑝

= 12 �1−ϕ
ϕγ
�         (10) 147 

Where 𝑣𝑣𝑝𝑝 is the average pore velocity and 𝛾𝛾 = 4𝑣𝑣𝑝𝑝 Rp⁄  relates the shear rate at the wall to the 148 

average pore velocity. Therefore, the contact time under dynamic conditions becomes (11): 149 

τc = 12 �1−ϕ
ϕγ
�          (11) 150 

Thus, a modified relationship between the dynamic retention, Γp−dy and the contact time, tc 151 

becomes equation (12): 152 

Γp−dy = Kc �12 �1−ϕ
ϕγ
��        (12) 153 

The correlation between static and dynamic retention was obtained as shown in (13): 154 

Γp−dy
Γp−st

=
Kc�12�

1−ϕ
ϕγ ��

Kc��
6

5kBNA
��µs[µ]Mw

T ��
        (13) 155 

The ratio of the contact times on the right-hand side (RHS) of equation (13) is related to the 156 

Deborah number, NDe which is defined as the ratio of the polymer relaxation time to the pore 157 

residence time. 158 

NDe =
�� 6
5kBNA

��µs[µ]Mw
T ��

�12�1−ϕϕγ ��
        (14) 159 

Therefore, equation (13) becomes (15) 160 

Γp−dy = � 1
NDe

� Γp−st         (15) 161 

Thus, static retention can be mapped into dynamic retention using equation (15). 162 
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2.2. Quantification of Polymer Retention Mechanisms in Porous Media 163 

2.2.1. Hydrophobic Interactions Between Retained Polymer Molecules 164 

In defining a parameter that quantifies the proportion of hydrophobic interactions between 165 

associative polymer chains retained on a pore surface, the following assumptions were made:   166 

a) The hydrophobic interaction network between polymer chains only takes place in the semi-167 

dilute concentration regime, i.e., polymer concentration, Cp must be greater than the critical 168 

aggregation concentration, Cag. 169 

b) The increase in polymer concentration, Cp (beyond Cag) would lead to a rise in the 170 

proportion of hydrophobic interactions and a reduction in the proportion of intramolecular 171 

interactions.  172 

Based on the assumptions highlighted above, the following dimensionless parameter, Hi was 173 

used to quantify the hydrophobic interactions between associative polymer chains in (16): 174 

Hi  = Cp−Cag
Cp

 �
Cp > Cag
Cag ≠ 0        (16)  175 

2.2.2. Fractional Damaged Pore Volume and Interactions within Retained Polymers 176 

For accurate mapping of static to dynamic interactions, the fractional damaged pore volume 177 

(DPV or ΓD) is related to (13) as shown in (17): 178 

ΓD = Γp−dy
Γp−st

=
�12�1−ϕϕγ ��

�� 6
5kBNA

��µs[µ]Mw
T ��

      (17) 179 

Modifying equation (17) based on the first order approximation of the Huggins equation and 180 

incorporation of (16) results in (18): 181 

1 − Hi = 5RgT(1−ϕ)ΓDCag
3µsµspϕγMW

       (18) 182 

Equation (18) predicts the proportion of hydrophobic interactions between retained molecules. 183 
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2.2.3. Predicting Retention Mechanisms in Porous Media 184 

Table 2 gives the various conditions for mapping the known mechanisms associated with 185 

polymer retention. The cumulative size distribution of the retained polymer molecules was 186 

estimated based on the assumption that the cumulative amount of retained polymer molecules 187 

increases with injection concentration as shown in (19) 188 

Ret�Cpi� ≅ Ret∑ Cpi−1
n
i=1

       (19) 189 

Where Ret�Cpi� is the retained polymer at concentration Cpi and Ret∑ Cpi−1
n
i=1

 is the cumulative 190 

retained polymer from concentrations Cpo up to Cpi.  191 

Table 2: Conditions for distinguishing between the different retention mechanism in a porous 192 
media. 𝑅𝑅ℎ is the hydrodynamic size of the polymer; 𝑅𝑅ℎ𝑖𝑖 is the size of the retained polymer 193 
molecule and 𝑅𝑅𝑝𝑝 is the pore size of the porous media (Al-Hajri et al., 2018; Al-Hajri et al., 194 
2020). 195 

Conditions Meaning 

Rh𝑖𝑖 < Rp Adsorption 

Rh < Rh𝑖𝑖 < Rp Multilayer Adsorption 

Rh𝑖𝑖 ≈ Rp Entrapment 

Rh𝑖𝑖 > Rp Pore Plugging 

 196 

The size distribution of the retained polymer molecules, Rh𝑖𝑖 was estimated using a modified 197 

form of the expression by Lohne et al. (2017) as shown in (20)  198 

Rh𝑖𝑖 = Rh �
Cp
Cag
�
Hi

        (20) 199 

Where Rh is the hydrodynamic radius of the molecules which is given in equation (21) and Hi 200 

is proportion of hydrophobic interactions among the retained molecules in (18). 201 

Rh = � 3
10πNA

�
1/3

([µ]Mw)1/3       (21)  202 
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Figure 1 shows the plot of the cumulative pore size distribution, f�Rp� and the cumulative size 203 

distribution of the retained polymer molecules, f(Rh). The pore fraction of entrapped 204 

molecules, Γent up to R2 can be predicted using equation (22) 205 

Γent = ∫ f�Rp�
Rp2
Rp1

∫ f(Rh)Rh2
Ro

�       (22) 206 

The inaccessible pore volume, IPV is computed using equation (23) 207 

IPV = ∫ f�Rp�
Rp2
Rp1

∫ f�Rp�
Rp3
Rp1

�        (23) 208 

However, the IPV in this work is defined as the sum of the pore fraction completely accessible 209 

to brine, IPVo and that lost to entrapped molecules, Γent as shown in (24) 210 

 211 
 212 
Figure 1: Plot of pore size distribution and the cumulative size distribution of the retained 213 
polymer molecules in the porous media. The point R2 was used as an illustration in predicting 214 
polymer entrapment (Al-Hajri et al., 2018). 215 

IPV = IPVo + Γent        (24) 216 
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From (24), IPVo can be estimated. Considering Figure 1, the onset of polymer entrapment with 217 

reference to R2 would commence at R1 and the concentration value at this point is given in 218 

equation (25) 219 

Cp−ent = Cag �
R1
Rh
�
1/HR1

       (25) 220 

The point at which adsorption reaches its maximum and polymer entrapment becomes the 221 

dominant retention mechanism occurs at R2 and the equivalent concentration value at this point 222 

is given in equation (26) 223 

Cp−ent = Cag �
R2
Rh
�
1/HR2

       (26) 224 

Similarly, pore plugging would occur at R3 with an onset concentration shown in equation (27) 225 

Cp−plug = Cag �
R3
Rh
�
1/HR3

       (27) 226 

3. Materials and Method 227 

3.1. Materials: Associative Polymer, Salts and Silica Sand 228 

The hydrophobically associating polymer (Superpusher D118; Degree of hydrolysis: 25 – 30 229 

mol % at 25 0C; 𝑀𝑀𝑤𝑤�����: 16 – 20 x 106 g/mol; appearance: white granular solid; hydrophobe 230 

content: medium; total anionic content: 15 – 25 mol.%) employed in this study was 231 

manufactured and supplied by SNF Floerger, ZAC milieux, 42163 Andrezieux (France). The 232 

salts employed in the preparation of synthetic formation brine (SFB) include analytical grade 233 

sodium chloride (NaCl), magnesium chloride (MgCl2), calcium chloride (CaCl2), potassium 234 

chloride (KCl), sodium sulphate (Na2SO4), sodium hydrogen carbonate (NaHCO3) and 235 

strontium chloride (SrCl2). These salts were purchased from Sigma Aldrich (UK) with 99.9% 236 

purity. The commercial silica sand codenamed 40/60 was applied in the retention study. The 237 

properties of the sand and concentration of salts used are summarized in Table 3. The analysis 238 

of the grain size distribution of the silica sand was carried out using a direct sieving process 239 

using a mechanical shaker with sieve mesh arrangement (mesh size: 50 – 900 µm). 240 
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Table 3: Composition and properties of the commercial sand employed and synthetic brine. 241 

The synthetic brine composition was at 25 0C with pH value and specific gravity of 7.88 and 242 

1.02 respectively. 243 

Synthetic Formation Brine 

Composition NaCl KCl 𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝟐𝟐 𝐌𝐌𝐌𝐌𝐂𝐂𝐂𝐂𝟐𝟐 𝐍𝐍𝐂𝐂𝟐𝟐𝐒𝐒𝐒𝐒𝟒𝟒 𝐍𝐍𝐂𝐂𝐍𝐍𝐂𝐂𝐒𝐒𝟑𝟑 

Quantity 
(mg/L) 

40,000 1,000 4,000 5,000 1,000 200 

 244 

Commercial Silica Sand Properties 

Code Name Bulk Density 

(𝐌𝐌/𝐜𝐜𝐜𝐜𝟑𝟑) 

Porosity Average Grain 

Diameter (𝛍𝛍𝐜𝐜) 

Main Component 

40/60 1.724 0.364 355 Quartz (> 99.9%) 

 245 

3.2. Preparation of Synthetic Brine, Stock and Dilute Polymer Solutions 246 

Synthetic brine was formulated by dissolving varying amounts of salts in deionized water. The 247 

water was deionized to a resistivity value of 18 MΩ-cm (a threshold for removal of ions) using 248 

a Millipore™ pumping unit. The brine solutions were prepared to contain both NaCl and CaCl2 249 

in the ratios 10 to 1, respectively. Before use, the synthetic brine solution was filtered through 250 

a 0.22 µm filter paper to ensure the removal of any particles present. Stock polymer solution 251 

(5000 ppm) was prepared by dissolving polymer granules in the synthetic brine. To ensure 252 

complete dissolution, the polymer-brine mixture was stirred for 2 days using a Fischer 253 

Scientific magnetic stirrer (Model: 11-102-50SH) and allowed to hydrate for a further 24 hours. 254 

The diluted polymer solutions were prepared freshly according to the API specification RP – 255 

63 (Recommended Practices for Evaluation of Polymers for Enhanced Oil Recovery). The 256 

concentrations of the dilute polymer solutions used for this study include the following: 10, 50, 257 

100, 300, 500, 750, 1000 ppm.  258 
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3.3. Polymer Retention Study 259 

3.3.1. Static Retention Test 260 

The static retention test procedure followed the recommended practices for evaluation of 261 

polymers used in enhanced oil recovery operations (API, 1990). Commercial silica sand (100 262 

g) was weighed into a 500 mL sample bottle. Polymer solutions (10, 50, 100, 300, 500, 750, 263 

1000 ppm) was weighed (400 g) and added to each of the sample bottles containing the silica 264 

sand. The containers were caped and stored at representative temperatures for two days. The 265 

vessels were agitated periodically to maintain good contact between the polymer solutions and 266 

the silica sand. The polymer solutions were separated from the silica sands by filtering through 267 

a 10-micron filter. The final concentrations of the polymer solutions were estimated from 268 

viscometry using an Ubbelohde viscometer. The adsorbed polymer was calculated using 269 

equation (28) below: 270 

Cp−ad = Wp(Cp−i−Cp−f)
Mgr

        (28) 271 

Where Cp−ad is the amount of polymer adsorbed, Wp is the weight of polymer solution, Mgr is 272 

the weight of the silica sand, Cp−i and Cp−f is the initial and final polymer concentration 273 

respectively.  274 

3.3.2. Dynamic Retention Test 275 

The dynamic retention test procedure also followed the recommended practices for evaluation 276 

of polymers used in enhanced oil recovery operations (API, 1990). Figure 2 show a simplified 277 

diagram of the flow system used for conducting dynamic adsorption studies under different 278 

flow conditions. The pump in the flow system was set to the required injection rate (0.5 279 

mL/min) and synthetic brine with 2.45 % Total Dissolved Solids (TDS) was injected into the 280 

porous media until the pressure stabilized. Polymer injection of the desired concentration, 281 

Cp−inj (first polymer bank) was started at the same flow rate until the pressure stabilized after 282 
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injection of about 3 pore volumes (PVs). Effluent polymer cuts from the system were collected 283 

at intervals and final effluent concentration, Cp−eff was estimated from viscometry using the 284 

Ubbelohde viscometer. 10 PVs (1PV = 96.4 cm3) of brine (2.45 %TDS) was injected to flush 285 

out all non – adsorbed polymer molecules present in the sand packed core. 286 
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 287 

Figure 2: Experimental setup of the core flooding apparatus. 1)  pump fluid, 2) pump, 3) valves, 4) pressure gauge, 5) core holder with sand pack, 288 

6) pressure transducer, 7) NIDAQ data logger, 8) desktop computer, 9) effluent sample collector (test tubes). The dashed line – temp control 289 

(Oven).  290 

 291 



17 
 

The steps were repeated for the flow of a second polymer bank at the same concentration and 292 

flowrate through the sand-pack media. Polymer adsorption, Γp was estimated by comparing the 293 

plots of fractional effluent concentration curves for the first �Cp−eff Cp−inj⁄ �
1
and second 294 

�Cp−eff Cp−inj⁄ �
2
 polymer bank against pore volume for 0.5 mL/min using equation (29) below:  295 

Γp = �∑ ��Cp−eff∆PV
Cp−inj

�
2
− �Cp−eff∆PV

Cp−inj
�
1
�� Cp−injPV

Mgr
     (29) 296 

The inaccessible pore volume was computed using (30) 297 

IPV = 1 − PV
�
Cp−eff∆PV

Cp−inj
�
2
=0.5

           (30) 298 

Where ∆PV is the incremental pore volume (the volume of each produced fraction of relative 299 

concentration, �Cp−eff Cp−inj⁄ �) and Mgr is the mass of the sand pack in the core holder. The 300 

procedure was repeated for different polymer concentrations and flow rates with the retention 301 

estimated using equation (29).  302 

3.4. Experimental Mapping of Static to Dynamic Retention 303 

A novel experimental approach was developed for validating the predictive approach for 304 

mapping the various retention mechanisms. The correlation of static to dynamic retention was 305 

carried out using the same solid-liquid ratio and retention time. The volume of the core holder 306 

defined the volume of sand employed. Each polymer concentration was contacted with one 307 

core holder full of silica sand (with total pore volume -  PV𝑇𝑇 =  96.4 cm3). Plots of polymer 308 

retained during the static process against time were obtained for each concentration to estimate 309 

the time, tmax−ret at which maximum retention was obtained in each case. The equivalent 310 

number of injected pore volumes, PVinj during dynamic retention test for the same solid to 311 

liquid ratio and retention time obtained during the static retention test is estimated from 312 

Equation (31) below: 313 

PVinj = Qinjtmax−ret

PV𝑇𝑇 
        (31) 314 
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Where Qinj is the injected flowrate. A typical output from the correlation of the static to 315 

dynamic retention is shown in Figure 3 below. The mapping of the various retention 316 

mechanisms was done as follows: 317 

a) Mapping Adsorption: adsorption is a function of the polymer contact time with the pore 318 

surface and polymer concentration. 319 

b) Mapping Polymer Entrapment: entrapment is a function of the flow condition and 320 

polymer concentration in the porous media. 321 

 322 

Figure 3: Typical out of the plot of polymer retention against concentration for the static 323 
condition at 𝑄𝑄𝑜𝑜 and the correlated dynamic state at flowrate 𝑄𝑄1. 324 

The rate-dependent entrapment, Γent of polymer molecules was estimated using Equation (32), 325 

and this encompasses the area created by the vertical decrease in adsorption from Qo to Q1 as 326 

shown in Figure 3.  327 

Γent = ∑ ��Γp∆Cp
Cp

�
Qo
− �Γp∆Cp

Cp
�
Q1
�       (32) 328 

Where Γp is the estimated retention as computed using effluent concentration analysis, Cp is 329 

the polymer concentration, Qo refers to static retention condition (zero flow condition), Q1 is 330 



19 
 

the dynamic flow condition in the porous media, ∆Cp is the incremental polymer concentration. 331 

The concentration-dependent entrapment of polymer molecules was computed using Equation 332 

(33) and this signifies the increase in polymer concentration from Cp1to Cp2 in Figure 3. 333 

Γent = ∑ ��Γp∆Cp
Cp2

�
Qo
− �Γp∆Cp

Cp2
�
Q1
� − ∑ ��Γp∆Cp

Cp1
�
Qo
− �Γp∆Cp

Cp1
�
Q1
�   (33) 334 

A summary of the modified experimental procedure is given in the flow diagram in Figure 4 335 

below. 336 

 337 

Figure 4: A simplified flow diagram of the modified experimental approach allows for the 338 
mapping of adsorption and entrapment mechanisms.  339 
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4. Results and Discussion 340 

4.1. Characterization of Silica Sand 341 

4.1.1. Particle Size Distribution 342 

The particle size distribution (PSD) of the silica sand (40/60) are shown in Figure 5. The PSD 343 

is important in the understanding of the sand’s physical properties. The PSD will to a large 344 

extent determines the magnitude of porosity and permeability of the prepared sand packs. For 345 

the 40/60 silica sand in Figure 5, the mass mean diameter (MMD) or the D50 value was 346 

estimated as 350 µm. 347 

 348 
Figure 5: Particle size distribution of the studied sand grains (a) 40/60 sands (b) P230 sands. 349 

4.1.2. Transformation of Particle Size to Pore Size Distribution 350 

The transformation of grain size to pore size distribution during packing was carried out using 351 

a modified form of the Kozeny-Carman equation for absolute permeability. The Kozeny-352 

Carman equation is shown in equation (34) 353 

k = Φs
2 ϕ3Rgr2

180(1−ϕ)2        (34)   354 

Where Rgr is the grain size of the disaggregated sand, k is the absolute permeability of the 355 

sand-packed media, Φs
2 is the sphericity of the particles in the packed bed, which is 1 for 356 
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spherical sand particles, ϕ is the porosity of the packed sand. The modified form of the Kozeny-357 

Carman equation involved replacing the absolute permeability with the pore size, Rp as shown 358 

in equation (35) 359 

Rp
2 = Φs

2 ϕ3Rgr2

180(1−ϕ)2        (35)  360 

Figure 6 shows the plot of the grain size to the corresponding transformed pore size of the sand-361 

packed media for the silica sand. The silica sand shows an approximate normal pore size 362 

distribution with the pores more centred around a higher value. 363 

 364 
 365 
Figure 6: Computed pore size distribution for the packed silica sand  366 

4.2. Predicting Polymer Retention Mechanisms: Adsorption, Entrapment and Plugging 367 

Quantitative description of the of the various retention mechanisms puts a figure to their 368 

various contributions on the overall polymer retention in a porous media. Figure 7 shows the 369 

two plots of the cumulative pore size distribution and the cumulative size distribution of the 370 

retained polymer molecules.  371 
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 372 

 373 
Figure 7: Prediction, quantification and mapping of the different retention mechanisms of 374 
associative polymers at different concentrations at 2.45 %TDS and 1 mL/min(a) 25 ℃ and (b) 375 
100 ℃. 376 
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For the cumulative size distribution, the area under the curve from 0.53 to 1.16 µm (as indicated 377 

by the thick arrowed line) describes the fractional pore sizes of the sand-packed media. For the 378 

second plot, the area under the curve from zero up to a size determined by the operating 379 

polymer concentration (which are represented by the different markers for the data points) 380 

described fractional size of the retained molecules. For example, the analysis of the retained 381 

polymer curve considered concentrations up to 1,000 ppm with the focus on 1,000 ppm as 382 

indicated by the dashed arrowed line in Figure 7. The hydrodynamic size of the retained 383 

polymer molecules at 1,000 ppm was estimated using equations (20) and (21). Similar 384 

estimation was done for polymer concentrations less than 1,000 ppm with Figure 8 showing 385 

the relationship between predicted size of the retained polymer molecules and the associated 386 

hydrophobic interactions against the corresponding polymer concentrations. The quantification 387 

of the different mechanisms was computed with specific focus at 1,000 ppm as indicated by 388 

the dashed arrowed line. It would be observed that for the cumulative pore size distribution at 389 

1,000 ppm, there is an area enclosed by the dashed line. This enclosed area gives the fractional 390 

inaccessible pore (computed using equation 23) of the sand-pack which arises due to the size 391 

of the retained polymer molecules (Rh𝑖𝑖 ≈ Rp). Similarly, for the cumulative size distribution 392 

of the retained molecules at 1000 ppm, it was observed that the enclosed area computed under 393 

the pore size distribution was also enclosed under this curve. However, the enclosed area under 394 

the retained size distribution would give the fraction of the entrapped molecules (computed 395 

equation 22) under the same condition (Rh𝑖𝑖 ≈ Rp) rather than the fractional inaccessible pore. 396 

Table 4 show a summary of the predicted values for entrapment and inaccessible pore. 397 

However, it would also be observed from Table 4 that the predicted values for the fractional 398 

inaccessible pore, IPV are greater than the predicted values for entrapment, Γent. It was 399 

concluded from this that the difference gives the pore fraction that is completely accessible 400 

only to the brine solution, IPVo and not polymer as described in equation (36) 401 
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 402 

 403 
Figure 8: Plots of predicted hydrodynamic size of retained polymer molecules and the 404 
associated hydrophobic interactions against polymer concentrations at (a) 25 ℃ and (b) 405 
100 ℃ 406 

0

0.2

0.4

0.6

0.8

1

1.2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 200 400 600 800 1000 1200

H
yd

ro
dy

na
m

ic
 S

iz
e 

(µ
m

)

H
yd

ro
ph

ob
ic

 In
te

ra
ct

io
ns

 (-
)

Polymer Concentration (ppm)

Hydro. Interactions
Hydrodynamic Size
25degC; 50.83/s

a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 200 400 600 800 1000 1200

H
yd

ro
dy

na
m

ic
 S

iz
e 

(µ
m

)

H
yd

ro
ph

ob
ic

 In
te

ra
ct

io
ns

 (-
)

Polymer Concentration (ppm)

Hydro. Interactions
Hydrodynamic Size
100degC; 50.83/s

b



25 
 

Table 4: Predicted values in terms of pore fraction for adsorption, entrapment and inaccessible 407 
pore volume at 25  ℃ and 100  ℃. 408 

25 ℃; 50.83/s 
Concentration (ppm) Pred. IPV. Pred. Entrap. Pred. Adsorp. 

300 0.006 0.001 0.999 
500 0.038 0.015 0.985 
750 0.155 0.085 0.915 
1000 0.371 0.299 0.701 

 409 

100 ℃; 50.83/s 
Concentration (ppm) Pred. IPV. Pred. Entrap. Pred. Adsorp 

300 0.0051 0.0041 0.996 
500 0.0062 0.0043 0.996 
750 0.0138 0.0122 0.988 
1000 0.0213 0.0187 0.981 

 410 

Table 5: Predicted concentration values for the onset of entrapment and pore plugging at 25 ℃ 411 
and 100 ℃. 412 

Temperature (℃) 𝐂𝐂𝐩𝐩−𝐞𝐞𝐞𝐞𝐞𝐞 (ppm) 𝐂𝐂𝐩𝐩−𝐩𝐩𝐂𝐂𝐩𝐩𝐌𝐌 (ppm) 

25 437.43 1574.54 

100 710.28 2669.65 

 413 

IPVo = IPV − Γent        (36) 414 

Pore plugging would occur when the predicted size of retained polymer molecules exceeds the 415 

upper limit of the pore size (Rh𝑖𝑖 > 1.16 µm). Similarly, computation of the pore fractions due 416 

to adsorption was done in like manner as also contained in Table 5. The computed 417 

hydrodynamic size of the pre-injection polymer was estimated using equation (21) as 0.43 µm 418 

(Rh = 0.43 µm). Therefore, the predicted sizes for the retained polymer molecules less than 419 

Rh indicated retention due only to monolayer adsorption. However, beyond Rh marked the 420 

onset of multilayer adsorption coupled with entrapment of molecular aggregates (Rh < Rh𝑖𝑖 <421 

Rp). It would be observed that the effect of temperature results in the adsorption mechanism 422 

dominating over entrapment. Increased thermal effects results in loss of polymer aggregates 423 

thereby minimizing the effect of molecular entrapment while increasing the effect of adsorption 424 



26 
 

as shown in Table 4. The onset of polymer entrapment was predicted using equation (25) and 425 

pore plugging with equation (27) as shown in Table 5. The observed trend with the predicted 426 

values for Cp−ent and Cp−plug were that they both increased with temperature with reasons due 427 

to the loss of molecular aggregates. 428 

4.3. Experimental Validation of the Predictive Approach 429 

Figure 9a and Figure 9b shows the polymer retention isotherm at 1 mL/min for different 430 

temperatures of 25 and 100 ℃ respectively. This was obtained using the developed 431 

experimental approach in Section 3.4.  432 

   433 

Figure 9: Effect of temperature on the adsorption of the associative polymer at 1 mL/min and 434 
2.45 %TDS (a) 25℃ and (b) 100℃. 435 

It was observed that as the temperature increased from 25 to 100 ℃, the adsorption isotherm 436 

decreased. The increase in temperature results in an increase in the negative charge of the sand 437 

grains and the outcome of this is an increase in the charge repulsion between the exposed rock 438 

surface and the charged groups (carboxyl group, COO−) on the remnant polymer molecules 439 
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attached to the rock surface. This charge repulsion ensures that remnant polymer molecules on 440 

the rock surface are detached, reducing the adsorption isotherm. Similarly, a segment of 441 

polymer molecules attached to the rock surface via hydrogen bonds or van der Waals forces is 442 

lost due to thermal degradation, resulting in a decrease in adsorption. Figure 10a and Figure 443 

10b show the temperature effect on the entrapment of polymer molecules as estimated using 444 

Equation (2). 445 

 446 

Figure 10: Effect of temperature on the entrapment of polymer molecules on the 40/60 silica 447 
sand saturated with 2.45 %TDS brine solution and at 1 ml/min.  448 

Polymer molecular aggregates are responsible for the entrapment mechanism in the porous 449 

media, and this arises when the size of the aggregate is about the size of the pore throat. 450 

However, the increased temperature conditions allowed for the degradation of intermolecular 451 

interaction responsible for this, thereby reducing the size of the aggregates. This would allow 452 

for easy transport of the polymer molecules through the pore throat with reduced retention; 453 

however, the loss of the intermolecular interaction would significantly affect the mobility 454 
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control mechanism of the polymer solution. Tables 6 and 7 shows a summary of the predicted 455 

and the experimental outcomes for the various retention mechanisms related to the associative 456 

polymer.  457 

Table 6: Predicted and experimental values of adsorption in terms of pore fraction at 25 ℃ 458 
and 100 ℃. 459 

25℃; 50.83/s (1 mL/min) 

Concentration (ppm) Pred. Adsorption. Exp. Adsorption. 

300 0.999 0.899 

500 0.985 0.885 

750 0.915 0.795 

1000 0.701 0.852 

 460 
𝟏𝟏𝟏𝟏𝟏𝟏℃; 50.83/s (1 mL/min) 

Concentration (ppm) Pred. Adsorption Exp. Adsorption. 

300 0.996 0.892 

500 0.996 0.953 

750 0.988 0.923 

1000 0.981 0.933 

In order to compare the effectiveness of the predictive approach in estimating the outcomes of 461 

the experimental approach, the coefficient of determination, R2 was applied in the correlation 462 

of the predicted outcome to the experimental outcome. For adsorption, the coefficient of 463 

determination, R2 was 90.45% at 25℃, while at 100℃, the R2 was 88.05%. The RMSE values 464 

at 25℃ was 0.0597 while at 100℃ the value was 0.0346. In the case of entrapment, the 465 

coefficient of determination, R2 was 87.43% at 25℃, while at 100 ℃, the R2 is 87.05%. The 466 

RMSE values at 25℃ was 0.0413 while at 100℃ the value was 0.00367. The seemingly 467 

significant correlation between the predicted outcome and the experimental outcome shows 468 

that the developed experimental approach can be used for the quantitative mapping of the 469 
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polymer adsorption distinctively from the other types of polymer retention mechanisms 470 

attributable to associative polymers.  471 

Table 7: Predicted and experimental values of polymer entrapment in terms of pore fraction 472 
at 25 ℃ and 100 ℃. 473 

25℃; 50.83/s (1mL/min) 

Concentration (ppm) Pred. Entrapment. Exp. Entrapment. 

300 0.001 0.09 

500 0.015 0.10 

750 0.085 0.15 

1000 0.299 0.21 

 474 
𝟏𝟏𝟏𝟏𝟏𝟏℃; 50.83/s (1mL/min) 

Concentration (ppm) Pred. Entrapment. Exp. Entrapment. 

300 0.0041 0.001 

500 0.0043 0.012 

750 0.0122 0.020 

1000 0.0187 0.028 

 475 

5. Conclusion and Recommendations 476 

The various types of retention mechanisms linked with associative polymers during transport 477 

in porous media were quantitatively described in this work. The uniqueness of the predictive 478 

approach is that it allowed for the determination of the critical concentration which would mark 479 

the onset of the loss of molecular aggregates responsible for polymer viscous property to 480 

entrapment and plugging. All this was achieved with the knowledge of the contributory effect 481 

of the associated hydrophobic interactions which exists between the retained polymer 482 

molecules. Consequently, proper economic planning and computational forecasting of the 483 

performance of associative polymers can be made with the predictive approach. However, the 484 

predictive approach for mapping the different retention types was developed using 485 

disaggregated sand. This makes the estimation of the cumulative size distribution of the 486 
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retained polymer molecules strictly via a predictive approach. Nonetheless, a novel 487 

experimental approach was developed to validate the predictive approach by corelating static 488 

to dynamic retention. The outcome of the validation showed a significant corelation between 489 

the predictive and experimental outcome. However, an accurate representation of the 490 

experimental outcome could be achieved using a consolidated porous media.  The difference 491 

between the pre-distribution and post-distribution curves for the consolidated media would 492 

give the size distribution of retained polymer molecules in the consolidated porous media and 493 

this is an area of further works being carried out. 494 
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