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Abstract  

Polymer flooding is an enhanced oil recovery technique to extract the large portion of leftover 

subsurface oil following conventional extraction methods. In the flooding process, a long-chain 

polymer, such as partially hydrolyzed polyacrylamide (HPAM), is added to the displacing fluid to 

increase the mobility and extraction of the oil phase. Nevertheless, the challenge of managing 

produced water from polymer flooding operations is high because residual HPAM results in 

significantly high viscosity and organic content in the stream. Commonly used methods for 

produced water treatment, such as gravity settling and flotation, cannot be applied to obtain a 

purified stream efficiently, while innovative techniques are not yet feasible in practical operations. 

In this work, a simple method of polymer precipitation prompted by divalent ions is evaluated, 

optimized, and compared to membrane ultrafiltration. The physico-chemical properties of the 

HPAM are investigated and polymer precipitation tests are conducted by varying the main 

operational parameters, including pH, salinity, temperature, calcium and/or magnesium 

concentration, and polymer concentration. Response surface developed by central composite design 

method is used to optimize the process and identify the correct dosage of divalent cations 

coagulants and pH, the two main factors promoting HPAM separation. The removal of HPAM is 

well-described and maximized (>85%) by the model, which is also validated on three synthetic 

samples representing real wastewaters from polymer flooding applications. Optimized 

ultrafiltration, using ceramic membranes with surface pore size of 15 kDa, also shows the ability to 

remove HPAM effectively from water, but the precipitation method seems to be more versatile and 

easier to apply. The two processes, precipitation and ultrafiltration, may potentially be used in 

sequence as they complement each other in several ways. 

 

Keywords: Polymer flooding; Produced water; HPAM; Precipitation; Response surface 

methodology; Ultrafiltration.  
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1. Introduction 

Enhanced oil recovery (EOR) refers to the process of producing liquid hydrocarbons by 

increasing the mobility of the displacing phase (Alvarado and Manrique, 2010; Green and 

Willhite, 2018). Conventional recovery methods, such as water and gas injection, can extract 

about one third of the initial oil in the formation, and the remaining resource is a large and 

attractive target for EOR methods (Green and Willhite, 2018; Thomas, 2008). Among the 

various EOR techniques, polymer flooding (PF) represents an affirmed low-cost method to 

improve the oil extraction efficiency. In PF, water-based solutions of high molecular weight 

polymers are injected into the formation to improve the mobility of the oil resource, principally 

by enhancing the viscosity of the injected fluid (Duan et al., 2014; Manichand et al., 2013; 

Rostami et al., 2018; Wang et al., 2011a). In particular, partially hydrolyzed polyacrylamide 

(HPAM) is the most used polymer in PF due to its relatively low cost and high efficiency (Gao 

et al., 2014; Morel et al., 2012).  

In the extraction industry, one of the major environmental problems related to oil recovery is 

the generation of produced water (PW), representing the largest waste stream of this industrial 

activity. PW is generally a highly complex matrix, rich in salts and organic compounds, such as 

dispersed oils toxic dissolved substances (e.g., phenols) (Deng et al., 2002; Gregory et al., 

2011; Maguire-Boyle and Barron, 2014; Olsson et al., 2013). When HPAM is used for PF, the 

PW also contains a considerable amount of the residual polymer, resulting in a more stable oil–

water emulsion.(Taylor et al., 2007) and causing levels of viscosity that are too high to safely 

discharging or efficiently reinjecting the water in reuse schemes (Hoek et al., 2021; Lopes and 

Silveira, 2014). For those reasons, commonly used method for PW treatment, such as gravity 

settling and flotation (Thoma et al., 1999), demulsification (Janiyani et al., 1994; Lee and Lee, 

2000), or conventional membrane separation (Bilstad and Espedal, 1996; Cheryan and 

Rajagopalan, 1998; Lipp et al., 1988; Visvanathan et al., 2000; Zhang et al., 2010)  may be 
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inefficient for streams deriving from polymer flooding applications. From this prospective, 

considerably more efforts should be devoted to developing low-cost and efficient methods able 

to separate the polymer from the stream in the light of water reuse schemes and stringent 

discharge regulations. 

Among relevant works developed in the last few decades, Deng et al. reported a strategy 

involving a crossflow oil–water separator to remove HPAM from PW (Deng et al., 2002). 

However, this separation process is associated with high capital and maintenance costs and has 

limited applicability, i.e., it is only efficient at low polymer concentrations. Chemical and 

biological processes were also studied as pre-treatments of polymer flooding PW, and 

interesting results were reported in the literature (Dickhout et al., 2017; Thoma et al., 1999; 

Zhao et al., 2008). In 2015, Yongrui et al. tested Fenton oxidation combined with biological 

processes to treat polymer flooding PW (Yongrui et al., 2015). The use of photocatalysis (TiO2) 

was also investigated to degrade HPAM (Al-Sabahi et al., 2018; Han et al., 2020). However, a 

major risk of an oxidative method is the potential generation of toxic by-products, which would 

require at least one additional degradation or separation step to ensure the effluent safety 

(Munoz et al., 2011; Perez-Moya et al., 2007). Moreover, chemical/biological degradation 

systems may result in high capital and operational costs, especially related to sludge 

management (Amudha et al., 2016; Zhou et al., 2018). Literature reports suggest that ceramic 

membranes may potentially be applied for PW treatment from PF operations thanks to their 

high stability in harsh environments (Dickhout et al., 2017; Ebrahimi et al., 2010; Zhang et al., 

2013). However, only few studies report the applicability of these membranes in the presence of 

significant polymer concentrations in solution (Fakhru’l-Razi et al., 2010). A study performed 

by Wang et al. (Wang et al., 2011b) demonstrated that hydrolyzed PAM had a more significant 

impact on the membrane critical flux than did the oil and the suspended solids in the stream. 

However, previous studies mainly focused on fouling phenomena rather than process 
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performance and optimization in the range of realistic conditions related to PF applications. In 

summary, given the emerging use of PF application and the limitations in produced water 

treatment, there is an increasing and urgent need to find appropriate treatment techniques for 

such complex and uniquely viscous streams. 

As reported in the literature, HPAM behavior is particularly sensitive to salinity (Al-Hamairi 

and AlAmeri, 2020; Lee et al.; Samanta et al., 2010b). It is widely accepted that precipitation 

during EOR applications and consequent process impairment is often the result of the 

interaction between divalent cations and the carboxylate groups present within the hydrolyzed 

polymer. More in detail, the interaction of the carboxylate groups of HPAM with divalent 

cations may induce the coagulation and the consequent precipitation of the polymer at a certain 

ionic concentrations, specifically, at the so-called cloud point (Bae et al., 1991). This 

phenomenon, and thus the HPAM coagulation mechanisms, are also functions of temperature 

and pH (Cao et al., 2011; Moradi-Araghi and Doe, 1987). For this reason, PF is not usually 

applied when oilfield total dissolved solids (TDS) concentrations are above 20 g/L and the 

temperature is higher than 70 °C, above which the flooding solution would lose its viscosity and 

displacing properties (Latil, 1980). However, when the goal is the treatment of a polymer 

flooding PW, divalent cations, pH, and temperature might represent allies to separate the 

polymer from the water phase by polymer precipitation.  

This work advances a facile physico-chemical polymer separation technique as a low-cost 

method to remove HPAM from produced water by exploiting common divalent cations, i.e., 

calcium and magnesium, as added or natural coagulants. To evaluate the best precipitation 

conditions, the physico-chemical properties of the HPAM and its rheological behavior are 

discussed along with the best coagulation and precipitation conditions, optimized by means of 

response surface methodology (RSM) (Giovanni, 1983; Khuri and Mukhopadhyay, 2010) 

(Righetto et al., 2021a, b). The parameters investigated in this study are the concentrations of 
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calcium and magnesium, temperature, pH, and salinity. The RSM model is then tested with 

three diverse synthetic produced waters mimicking the composition of real waters to prove its 

feasibility in potential real scale scenarios. This work also evaluates the potential applicability 

of ceramic membranes for the removal of HPAM and discusses their performance against that 

of the optimized precipitation method. Five ceramic membranes are investigated in the range of 

microfiltration (MF) and ultrafiltration (UF), under a wide range of HPAM and TDS conditions, 

aiming at filling the gap in knowledge related to the influence of water chemistry on membrane 

process performance in PW treatment. Limiting factors of the two processes are thus analyzed 

with the goal to identify the suitable application ranges for both investigated techniques. 

 

2. Materials and Methods 

2.1 Chemicals and membranes 

The HPAM was supplied by Yixing Bluwat Chemicals Co., Ltd (China) in the form of powder, 

while all the salts were purchased from Carlo Erba (Milan, Italy). Five TiO2-based ceramic 

membranes were selected for membrane filtration: four UF membranes with molecular weight cut-

off ranging from 1 to 150 kDa and one MF membrane with 0.45 µm pore size. Each tubular 

membrane had an inner diameter of 6 mm and 250 mm length. All the membranes were purchased 

from TAMI Industries (Montreal, Canada). 

2.2 Investigation and optimization of HPAM precipitation 

2.2.1 HPAM precipitation tests 

The precipitation experiments were performed by varying the concentrations of NaCl, MgCl2, 

CaCl2, in HPAM solutions of varying polymer concentrations. The other parameters affecting 

HPAM coagulation, i.e., pH and temperature, were adjusted during each experiment through 

controlled additions of NaOH and using a water bath, respectively, within specific ranges (7-11 and 
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25-75 °C). Polymer solutions at different concentrations were prepared from a 1500 ppm stock 

solution of HPAM dissolved in deionized water with a minimum amount of NaCl (0.25 g/L), 

essential to lower the solution viscosity, thus improving the deployment of the stock solution. The 

precipitation tests were performed by immersing a 50 mL beaker containing the HPAM stock 

solution in a thermostatic bath and by addition of stock salt solutions and NaOH solutions of 

appropriate amounts to reach the target ionic composition, pH, and HPAM concentration for each 

test. The precipitation was carried out for only about 1 min under gentle stirring, upon reaching the 

desired pH. Following this short time, the stirring was stopped, and simple gravity sedimentation 

was exploited to separate the cleared water from the flocs (see photographic examples in Figure S1 

of the Supplementary Material file, SM). The HPAM abatement was determined by measuring the 

total organic carbon (TOC) of the untreated solution and of the supernatant solution. 

2.2.2 Design of experiments and statistical analysis 

Design Expert software was used to setup and analyze the response surface methodology (RSM) for 

precipitation experiments (Bradley, 2007; Carley et al., 2004). Central composite design (CCD) was 

used to define the number of runs needed to develop an accurate response surface. Temperature, 

pH, as well as NaCl, HPAM, MgCl2, and CaCl2 concentrations were selected as the six operating 

factors, while the final HPAM concentration in solution following treatment was the target 

parameter to be minimized (i.e., the HPAM removal maximized). The limit values of HPAM 

concentration were selected in order to evaluate the phenomena in the most common range of 

utilization of HPAM. The Appendix section in the SM provides further details of the applied CCD 

method and analyses. The selected ranges of investigation for the various factors are reported in 

Table 1, together with the coded experimental values extrapolated by Design Expert software. The 

CCD method generated 86 total recipes for this study, each with a specific combination of values 

for the six factors. This procedure allowed weighted probing of the entire multidimensional space. 

The results of HPAM removal obtained by the precipitation experiments were used as input data to 
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generate the model according to the best fit. ANOVA was used for the statistical analysis of the 

results and allowed evaluation of the quality of the model (Miller Jr, 1997).  

Table 1. Experimental design of the selected parameters 

Factors Unit Minimum Maximum Coded low Coded high Mean 

Temperature (C°) 25 75 34.0 66.0 50 

pH  7 12 7.9 11.1 9.5 

NaCl (g/L) 0.25 20 3.8 16.4 10.1 

Mg/HPAM (mM/mg) 0 0.6 0.11 0.49 0.3 

Ca/HPAM (mM/mg) 0 0.6 0.11 0.49 0.3 

HPAM (mg/L) 100 1500 353 1247 800 

 

2.2.3 Synthetic produced water samples mimicking the composition of real streams 

Table 2 reports the composition of the three synthetic PWs tested in precipitation experiments 

aimed at addressing the feasibility of the treatment technology in potential real-case scenarios. The 

compositions of stream A and B were based on published values related to real PWs resulting from 

polymer flooding processes (Chen et al., 2015; Torabi et al., 2013). Stream C was instead defined 

based on real wastewater samples collected by a company, Cannon Oil and Gas Well Service Inc., 

in one of its field works. For each of the synthetic waters, paraffins were used as representative 

substances for the oil & grease content, while phenol was added to account for the typical 

concentration of phenols in PW. TDS comprised sodium chloride, sodium sulfate, sodium 

bicarbonate, sodium carbonate, magnesium chloride, and calcium chloride, that is, the most 

abundant ions reported in produced waters (Gregory et al., 2011; Olsson et al., 2013).  
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Table 2. Composition of the synthetic produced waters investigated in this study mimicking the 

characteristics of wastewaters: A from Torabi et al. (Torabi et al., 2013); B from Chen et al. and 

Wang et al. (Chen et al., 2015); C from a real sample (Oman oilfield) 

Parameter Unit Produced water 

  A  B  C  

Paraffins (not dissolved) (mg/L) 450 Paraffins/water 50% (v/v)  75 

HPAM  (mg/L) 500 352 800 

Na2SO4  (mg/L) 128 128 142 

NaHCO3  (mg/L) 428 428 84 

Na2CO3  (mg/L) 24 24 106 

MgCl2 (mg/L) 619 619 95 

CaCl2 (mg/L) 766 766 111 

NaCl  (mg/L) 7410 7410 4680 

Phenol (mg/L) 75 n. p. n. p. 

Acetate  (mg/L) n. p. n. p. 2 

Silica (µL) n. p. n. p. 63 

Temperature  (°C) 50 65 34 

Viscosity  (mPa∙s) 34.9 32.0 166 

   n. p.: not present 

2.3 Membrane filtration experiments 

Separation experiments through ceramic membranes were performed using a cross-flow lab-scale 

system. The unit comprises a volumetric pump (Nuert, Pordenone, Italy), a thermally insulated feed 

tank of 8 L and a lab-scale tubular membrane housing cell (TAMI Industries, Montreal, Canada), 

consisting of a stainless-steel cylinder of 250 mm length and 10 mm inner diameter. Specifically, a 

tubular ceramic membrane sample with an active area of 47.1 cm
2
 can be allocated within the 

module. A flowmeter, back-pressure valve, temperature control, and data acquisition system 

comprising a computer-interfaced balance, were used to monitor the operating parameters and to 

measure the permeate flux. For each test, 3 L of initial feed solution was used; the feed stream was 

kept at constant temperature of 50 °C through a thermostatic coil directly immersed in the feed tank. 

The cross-flow rate of 200 L/h (cross-flow velocity of ~2 m/s) was monitored through a floating 

disc rotameter and adjusted, along with the operating pressure of 1 bar, by means of a pump inverter 

and a back-pressure regulator. The permeate flow rate was automatically measured every 3 min.  
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Preliminary tests were performed for the selection of the most promising membranes to be used for 

the following high recovery tests. The preliminary tests were performed with a solution of HPAM 

dissolved in deionized water at a concentration of 100 mg/L, while high recovery tests were 

performed with synthetic waters composed by varying the concentration of HPAM between 100 to 

1500 mg/L (Al-Sabahi et al., 2018; Zhao et al., 2008). During preliminary tests, the permeate 

stream was recirculated into the feed tank with the aim to keep the same operating polymer 

concentration during the duration of the experiment, namely, 3 h. The permeate flux trend was 

monitored and the final steady state flux (Jw) was determined. At the beginning of each preliminary 

experiment, the water flux of a deionized water feed solution was measured (J0). Conversely, for 

high recovery tests, the permeate stream was continuously collected in an external vessel. NaCl was 

used as representative salt, dissolved in the feed solution at concentrations between 1 to 100 g/L 

(Chen et al., 2015; Torabi et al., 2013; Zhao et al., 2008), to investigate the effect of the interaction 

between NaCl and the polymer during filtration. A water recovery target of 80% was set for each 

experiment. However, some of the filtrations were stopped when the permeate flux reached values 

below 10 L m
−2

h
−1

 (LMH), considering such operating conditions unfeasible for real applications. 

At the end of each filtration, the membrane performance was evaluated through the total flux 

decline ratio, DRt, calculated as: 

Total flux decline ratio (DRt):(1 −  
𝐽𝑝

𝐽𝑊1
⁄ )  (1) 

where Jw1 and Jp indicate the measured flux at the beginning and the end of the test, respectively 

(Ricceri et al., 2021). Initial and final permeate TOC values were also analyzed in the recovery 

tests. 

2.4 Analytical and characterization methods 

The HPAM concentration in solution was determined with a Shimadzu (Milan, Italian branch) 

TOC-LCSH FA, E200 (catalytic oxidation on Pt at 680 °C). The calibration was performed using 
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standards of potassium phthalate, NaHCO3/Na2CO3, and KNO3. The HPAM-TOC correlation was 

perfectly linear in the investigated range, with an R
2 

= 0.99. The HPAM removal rate was 

calculated as: 

HPAM removal: (1 −  
𝐶𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝐶𝑓𝑒𝑒𝑑
⁄ ) ∙ 100   (2) 

where Ctreat and Cfeed refer to the TOC concentration of the treated sample and the initial feed 

sample, respectively. 

All viscosity measurements were performed with the Anton Paar rheometer, Physica MCR 301 

(Brannenburg, Germany). The viscosity was measured under different shear rate conditions, ranging 

from 1 to 100 s
−1

, at different polymer concentrations. A shear rate of 10 s
−1 

was selected to 

investigate the role of NaCl, MgCl2, CaCl2, pH, and temperature. The electrokinetic potential of 100 

mg/L HPAM solutions was measured in the pH range between 2 and 10. Here, the role of salinity 

was investigated by preparing solutions of 100 g/L NaCl, 5 mM CaCl2, or 5 mM MgCl2. The 

concentrations of different ions were selected for their comparable influence on viscosity. All 

measurements were performed with a Zetasizer Nano analyzer purchased from Malvern, Italian 

branch. 

 

3. Results and Discussion 

3.1 Physico-chemical and rheological behavior of HPAM 

Aqueous HPAM solutions behave as non-Newtonian fluids, characterized by a drop of the viscosity 

at increasing shear rate (Jung et al., 2013; Lopes and Silveira, 2014); see Figure S2 in the SM. This 

behavior occurs by virtue of the orientation of the macromolecules along the streamline of flow and 

the consequent disentanglement of macromolecules (Lewandowska, 2007; Seright et al., 2011). 

Figure 1a shows that the observed viscosity of HPAM solutions increased by increasing the 
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polymer concentration in water, while an increase in NaCl concentration strongly reduced the 

viscosity of the fluid. This phenomenon is reasonably related to the charge-shielding ability of 

NaCl, which thwarts the repulsive forces between the charged carboxyl groups of the polymer 

(Dautzenberg and Karibyants, 1999). Repulsive forces cause the expansion of the polymer chains 

and are one of the main causes of the viscous feature of HPAM solutions. As the ionic 

concentration increases, polymer chains collapse causing a reduction in the degree of entanglement 

(Al-Hamairi and AlAmeri, 2020; Samanta et al., 2010a). Above 100 mM NaCl, all repulsive forces 

were screened by salt and no viscosity changes were observed by further increasing NaCl content.  

Figure 1b shows the effect of divalent ions (MgCl2, CaCl2) on viscosity. In the absence of NaCl, a 

dramatic drop of the viscosity was achieved even at low concentrations of divalent ions, i.e., 10 

mM. This effect was strongly mitigated by addition of NaCl; as a support to this claim, see the 

results reported for 1711 mM (100 g/L) NaCl. This behavior suggests that monovalent sodium ions 

at high concentration would compete with the divalent cations, thus minimizing the coil-globule 

transition of the polymer chain that would be induced by the latter. Indeed, divalent ions may better 

suppress the viscosity of HPAM solutions thanks to their higher nominal charge and to their 

specific interaction/complexation with the carboxylate groups of HPAM (Zhang et al., 2008).  

Finally, Figure 1c reports the effect of pH and temperature on viscosity, which increased with 

increasing pH until a value of ~6, namely, the natural pH of the HPAM solution (see titration curve 

in Figure S4 of the SM). This phenomenon is clearly related to the increase of deprotonated 

carboxyl groups, hence of electrostatic repulsion, moving toward the pH values at which all the 

moieties were negatively charged (Samanta et al., 2010a), above which no further increase of the 

viscosity was observed. On the other hand, the temperature did not visibly affect the viscosity of the 

HPAM solutions in the investigated range, although some effects were reported in previous reports 

(Muller, 1981; Zhou et al., 2000). The expected effect associated with the increase of the 

temperature, which would theoretically reduce the viscosity of the solution, may be mitigated by the 
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enhancement of the degree of the polymer hydrolysis (i.e., the amount of carboxylate groups).  

Zeta potential measurements corroborated the previous discussions (Figure 1d), by indicating the 

expected increase of the negative charge at increasing pH. The presence of ions also strongly 

reduced the electric potential. Compared to NaCl, divalent ions showed a significantly more 

effective ability in lowering the potential, whose magnitude was similar at 1171 mM NaCl and 5 

mM CaCl2. The substantial difference in ionic strength between these solutions suggests that charge 

shielding is not the only mechanism at play, but that Mg
2+

 and Ca
2+

 can specifically interact with 

the deprotonated carboxyl groups of HPAM, thus neutralizing them.  

 

Figure 1. Behavior of HPAM in aqueous solutions. Viscosity measured at a shear rate of 10 s
−1

 as a 

function of: (a) HPAM and (x axis) NaCl concentrations; (b) NaCl and (x axis) combined divalent 
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cation concentrations at fixed HPAM concentration of 1500 mg/L; (c) (top) pH and (bottom) 

temperature in the absence of salinity and at fixed HPAM concentration of 1500 mg/L. In (d), zeta 

potential values measured as a function of pH in a solution of HPAM 100 mg/L and (pink squares) 

NaCl 100 g/L, (orange circles) CaCl2 5 mM, (purple triangles) MgCl2 5 mM, or (blue diamonds) no 

salinity. Lines connecting data points are only intended as a guide for the eye. All the experiments 

where pH was not a factor were performed at the natural pH of a solution of HPAM in water, 

namely, ~6. 

3.2 Modeling and optimization of HPAM removal by precipitation  

3.2.1 Results of preliminary precipitation tests and significance of operating factors on HPAM 

removal 

Preliminary tests were performed to assess the influence of different physico-chemical parameters 

(NaCl, pH, temperature, MgCl2, CaCl2) on HPAM coagulation and precipitation; see Figure S3 in 

the SM. Results showed that within the investigated range, the influence of CaCl2 and temperature 

as individual factors on HPAM removal was negligible when tested in a solution of HPAM at 100 

mg/L. Interestingly, the effect of the divalent ions on the removal was apparently related to the 

polymer concentration, with a considerable variation when the divalent ion/HPAM ratio was varied 

from 0 to 0.6 mM/mg. Results suggest that calcium played an important role in polymer phase 

separation at large HPAM concentrations (> 800 mg/L). On the other hand, Mg
2+

 was an efficient 

HPAM coagulant within the entire concentration range, generally resulting in higher polymer phase 

separation efficiency than calcium. Finally, no significant HPAM precipitation was observed 

through addition of NaCl within the wide investigated range (Figure S3c of the SM). Based on these 

preliminary tests, the range of investigation of the various factors influencing HPAM precipitation 

were selected and used as input for the RSM analysis. Subsequently, the 86 precipitation 

experiments suggested by the CCD method were performed and the HPAM removal was 

determined for each test; see Section 2.2.2 and Table 1. 
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Figure 2 shows diagnostic plots for the removal response of the RSM. As shown in Figure 2a, all 

points fell on a straight line, which implies that residuals had a normal distribution (Pashaei et al., 

2020). In Figure 2b, all points are included between the externally studentized residuals, justifying 

the low coefficient of variation (CV) of 17.9 % of the modeling fit. The independence on the order 

of runs was checked in Figure 2c, which shows that the plotted points did not follow a specific 

pattern (Mason et al., 2003). Moreover, Figure 2d shows good agreement between predicted and 

experimental values (Noordin et al., 2004). In conclusion, the results summarized in Figure 2 

demonstrate ample accordance between the experimental HPAM removal data obtained through 

precipitation and the relative RSM model.  

The significance of each factor in producing HPAM phase separation and sedimentation is related 

to each respective p-value. As a rule of thumb, a factor is significant, i.e., is correlated to removal, if 

it presents a p-value <0.1. Table 3 summarizes the p-values obtained from ANOVA. The pH and 

the Mg/HPAM ratio were both very significant, consistent with the preliminary tests discussed 

above. The quadratic cross-correlation terms were also significant, albeit less than pH and Mg 

dosage. NaCl concentration was not significant and was thus discarded from the model. While 

temperature, Ca/HPAM ratio, and HPAM concentration were not highly significant (0.1 < p-values 

< 1), they were however included in the model to respect the hierarchy of the statistical method and 

to allow the inclusion of all the residuals in the statistical area of the method (Biglarijoo et al., 

2016), thus improving the fit. The modeling equation calculated by Design Expert is reported in the 

SM (Equation S1). This equation allows estimation of the HPAM removal by inserting the values of 

the five factors included in the model. 
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Figure 2. Diagnostic plots for HPAM removal rate response: (a) normal % probability vs. residuals; 

(b) residuals vs. predicted; (c) residuals vs. test number; (d) predicted vs. actual results. As reported 

in the legend, colors refer to the square root of the removal values obtained in each of the 86 

experiments. 
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Table 3 Summary of response significance values extracted from the ANOVA table. 

Source Sum of squares Mean square F-Value p-Value 

A-Temperature 1.7 1.70 1.25 0.2664 

B-pH 751 751 554 < 0.0001 

D-Mg/HPAM 12.8 12.8 9.43 0.0030 

E-Ca/HPAM 1.14 1.14 0.838 0.3628 

F-HPAM 0.0063 0.0063 0.0046 0.9459 

BF 6.82 6.82 5.03 0.0279 

DF 9.55 9.55 7.04 0.0097 

EF 5.85 5.85 4.31 0.0413 

B² 13.85 13.85 10.22 0.0020 

E² 5.11 5.11 3.77 0.0560 

F² 49.57 49.57 36.58 < 0.0001 

 

3.2.2 Single response evaluation 

Figure 3 reports an overview of the influence of multiple parameters on HPAM removal process 

performance, by specifically presenting in each graph the HPAM removal rate as a function of two 

varying factors (x and y axes), with all the other parameters at their respective mean value (Table 

1). Figure 3a and 3b present the modeled effect of magnesium and calcium, respectively, on 

HPAM removal through coagulation and precipitation, at different polymer concentrations. The 

analysis suggests that the removal efficiency should be higher when HPAM concentration is around 

800 mg/L. Moreover, magnesium has projected high efficiency even at low Mg/HPAM ratio. The 

seemingly unexpected high HPAM removal efficiency at low values of Ca/HPAM is mostly an 

artefact, due to the concomitant effect of the presence of magnesium in solution in the tests 

suggested by the CCD method. However, this result allows the reasonable hypothesis of a co-

operation of the two cations in the removal of HPAM through phase separation. In particular, the 

enhancement of the removal efficiency in the presence of Mg
2+

 can be ascribed to the higher ability 

of carboxyl groups of HPAM to interact with magnesium rather than with calcium, the latter 

presenting a more localized positive charge (Atouei et al., 2016; Würger et al., 2020).  

Generally, the HPAM removal rates predicted by the model linearly increase with increasing pH 

(Figure 3c) and is also higher at mid-concentrations of HPAM. Higher pH would enhance the 
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ability of HPAM to cross-link in the presence of multivalent cations, hence the ability to form 

flakes. It would also promote the formation of hydroxides of calcium and magnesium, which are 

sparingly soluble and act as flocculation enhancers. The strong pH influence on precipitation was 

confirmed by systematic experimental tests performed in the presence of calcium and magnesium, 

with results reported in Figure S5 of the SM. Finally, the model predicts the solution temperature to 

have only minor effects on precipitation (Figure 3d). 

Overall, the modeling calculations determined from the results of the 86 precipitation experiments 

were in very good agreement with the physico-chemical and rheological investigation results. The 

manipulation of the factors influencing the hydrolysis degree of the polymer and the dose of cross-

linking agents can effectively be used to control the phase separation and precipitation phenomena. 

Interestingly, at low and at high HPAM concentrations, the removal rates decreased in the 

experiments and this phenomenon was correctly captured by the model. At low polymer 

concentration, there may not be sufficient chains to interact among each other and form sufficiently 

large flocs. At high concentration, this result may be instead related to the lower diffusivity of salts, 

hydroxides, or flocs themselves in the medium due to the high viscosity of the solutions. It may also 

be rationalized with the need of a higher cation concentration than what was investigated in this 

study to effectively neutralize the higher content of carboxyl groups and induce polymer cross-

linking. 
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Figure 3. 2D surface response plots for the removal of HPAM as a function of: (a) polymer 

concentration and magnesium/HPAM concentration ratio; (b) polymer concentration and 

calcium/HPAM concentration ratio; (c) pH and polymer concentration; and (d) temperature and 

polymer concentration. HPAM removal rate increases from blue to red. For each graph, the values 

of the non- plotted parameters are equal to their mean. 
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3.2.3 HPAM removal in synthetic produced waters mimicking the composition of real waters 

An effective treatment is one that minimizes the dosage of coagulation agents, i.e., MgCl2, CaCl2, as 

well as the chemicals used for pH adjustment, while maximizing HPAM removal. The model 

developed through the RSM was validated with the three complex streams presented in Table 2. In 

these tests, NaCl concentration, temperature, and HPAM concentration were fixed at the respective 

realistic values. For each PW, three different scenarios were investigated, with the goal to challenge 

the model and understand its potential for use with real waters. In scenario 1, the HPAM removal 

rate was targeted to 100%, while the divalent ions concentration and the pH were minimized, the 

latter up to 11. In scenario 2, the HPAM removal response was targeted to values not necessarily as 

high as 100%, while minimizing the pH (with 10 as the upper limit) and minimizing the divalent 

ion concentrations. In scenario 3, the HPAM removal was maximized within the range 70-100% 

while the pH was minimized (with 10 as the upper limit) and again minimizing the divalent ions 

concentrations. The results of the desirability functions are shown in Figure S6, S7, S8 of the SM. 

As an example, a removal of 99% was predicted by the model in scenario 1 for PW “A” (Figure 

S6a), with doses of 0.108 mM/mg for both magnesium/HPAM and calcium/HPAM, and a pH value 

of 10.5. The desirability function was 0.56, the highest among the suggested recipes. On the other 

hand, when testing the same produced water in scenario 3, the output of the software suggested the 

use of the same previous ratio of divalent ions/polymer, while lowering the pH to 9.79. This result 

was obviously obtained at the expense of a lower HPAM removal, which decreased to roughly 

77%.  

Figure 4 presents the predicted and the experimentally determined removal rates for each of the 

three produced waters in all the three scenarios. Significantly, the HPAM removal rates measured 

upon addition of the appropriate reagents as suggested by the model were close to the model 

prediction (also considering the error) in seven out of the nine cases. The two less consistent cases 

were related to PW “B” (scenarios 2 and 3), which may be rationalized with the high content of 
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paraffins (i.e., oil/water 50/50%) that renders the emulsion a complex matrix to treat (Al-Shamrani 

et al., 2002; Gupta et al., 2017). Notably, the experimental HPAM removal rates were always 

higher than 85% and, in most cases, higher than the values projected by the model, suggesting that 

the model is partially conservative in its predictions, and implying the validity of both the model 

and the precipitation process for a wide range of realistic conditions. 

 

Figure 4. (Blue solid bars) measured and (orange pattern bars) predicted HPAM removal rate for 

produced waters “A”, “B”, “C” (Table 2). The error bars for the experimental removal rates 

represents average and standard deviation values of replicate experiments. 

 

3.4 Productivity of ultrafiltration and removal of HPAM  

The results of preliminary membrane filtration tests performed with only HPAM dissolved in water, 

thus avoiding the presence of other confounders in solution, are reported in Figure S9 of the SM. As 

expected, the pure water flux before polymer addition (J0) increased with membrane pore size. After 

polymer addition (time zero), the permeate flux (Jw) declined instantaneously, suggesting possible 

rapid clogging of the membrane pores caused by HPAM (Ma et al., 2021). Furthermore, results 

suggest the existence of a membrane cut-off threshold, above which a critical flux governs the 

filtration process (Costa and de Pinho, 2005; Yuan and Zydney, 2000): this cut-off threshold was 

apparently around 15 kDa for this specific application. Indeed, similar permeate flux values were 
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obtained when treating the HPAM solution by using membranes with larger MWCOs, despite their 

intrinsic higher permeability (Figure S9b, SM). This interesting result may be ascribed to the quick 

deposition of HPAM onto the membrane surface and within the surface pores, with the consequent 

pore clogging (Li et al., 2007; Song, 1998; Wang et al., 2019). On the other hand, membranes with 

lower MWCO are less subjected to this phenomenon, thanks to the smaller pore size that causes 

lower permeability but also lower probability of pore clogging and possibly larger turbulence at the 

membrane/feed stream interface (Mohammadi et al., 2005), which may partially prevent the 

formation of the cake layer (Vela et al., 2008). Finally, according to the polymer size when 

dispersed in water (i.e., ~1500 nm, Figure S10 of the SM), membrane filtration always achieved 

high HPAM rejection (> 92 %).  

The results of preliminary tests suggest that membranes with MWCO larger than 15 kDa are not 

feasible for this specific application. Thus, the high recovery tests were performed by deploying 15 

kDa and 5kDa cut-off membranes, with results reported in Figure 5 at varying feed HPAM 

concentration and NaCl concentration. While NaCl ranged from 1 to 100 g/L, the investigated 

polymer concentrations were 100, 800, and 1500 mg/L, reflecting the minimum, medium and 

maximum values adopted in the HPAM precipitation tests. It is important to note that the presence 

of divalent ions was not considered in these filtration tests to avoid any possibility of polymer phase 

separation during the process and to remain conservative in the comparison with the precipitation-

based treatment. At 100 mg/L of HPAM, promising results were achieved when filtering a solution 

with a low NaCl concentration (< 5 g/L) by the 15 kDa membrane, with steady-state permeate flux, 

Jw1, roughly equal to 100 LMH (Figure 5a). However, high salinity feed waters were associated 

with lower performance in terms of permeate flux: Jw1 decreased to 30 LMH in 5 g/L NaCl 

solutions and lower than 10 LMH in 100 g/L NaCl, with consequently low permeate recovery 

achieved in the tests. Recovery experiments suggested that working with a membrane with lower 

MWCO, namely, 5 kDa, does not entail any substantial benefits. In fact, even in the presence of low 
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salinity (1 g/L of NaCl), the permeate flux was low and decreased dramatically during filtration, 

most probably due to the detrimental effects of the polymer concentration increasing within the feed 

solution during the test, polymer deposition onto the membrane, and the formation of a thick cake 

layer.  

As expected, increasing the HPAM concentration in solution induced a reduction of the permeate 

flux, also due to higher solution viscosity (Figure 5b, c). High HPAM removal rates, similar to 

what determined during the preliminary tests (92%), were observed even at high polymer 

concentration. Interestingly, the quality of the permeate stream was not worsened by the increase of 

salinity, which instead consistently resulted in a more pronounced flux decline during filtration, 

regardless of the HPAM concentration. This behavior can be more clearly appreciated by evaluating 

the results summarized in Figure 5d, which reports the flux decline ratio (DRt) for the experiments 

performed with the 15 kDa membrane. This phenomenon may be rationalized with the changes in 

polymer conformation in the presence of a significant concentration of monovalent ions, also 

consistent with previous studies (Zhang et al., 2013). At the same time, the solution viscosity did 

not seem to play a significant role in fouling. This finding is suggested by the decrease of the DRt 

values with increased polymer concentration, hence viscosity, of the feed solution. This result may 

be ascribed to: (i) the lower starting flux at higher HPAM concentration; and (ii) the decrease of the 

NaCl/HPAM ratio, which would entail less overall morphological changes of the polymer chains in 

solution. To conclude, overall salinity would strongly affect the membrane filtration, while this 

effect was instead negligible for the HPAM precipitation process.  
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Figure 5. Ultrafiltration experiments with target recovery of 80% performed at 1, 5, and 100 g/L 

NaCl for different initial polymer concentrations: (a) HPAM concentration of 100 mg/L with 15 

kDa and 5 kDa UF membranes; (b) HPAM concentration of 800 mg/L with a 15 kDa UF 

membrane; (c) HPAM concentration of 1500 mg/L with a 15 kDa UF membrane. In (d), the DRt 

coefficient for experiments performed with a 15 kDa UF membrane: here, the line connecting the 

data points is only intended as a guide for the eye. 
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3.5 Limits and ranges of application of the two investigated HPAM removal techniques 

It may be worth discussing the results reported above in the light of the potential integration of 

the two investigated techniques within PW treatment trains and in relationship to the PW 

characteristics. UF generally showed high fluxes for relatively low initial concentrations of 

polymer (100 mg/L) and for low salinity values (1 g/L). The feasible application range of 

membrane filtration thus appears to be somewhat narrower (i.e., relatively low salinity and 

organic contents) than that of polymer precipitation, which instead showed a versatile 

applicability. Indeed, the optimized phase separation and sedimentation process worked 

efficiently regardless of viscosity and stream salinity. Note that several PWs contain high 

concentration of divalent cations, which may be exploited as natural coagulants, and the 

precipitation process would only require a suitable pH increase, in the range 9-11. When the 

divalent cations concentrations in the PW are low or insufficient to obtain adequate polymer 

precipitation, these coagulants may be added in the form of salts or hydroxides during 

treatment. Nevertheless, high dosage of base reagents may be generally required to ensure high 

HPAM removal rates. It may be interesting to couple the two techniques, thus, to apply 

precipitation as pre-treatment step for the subsequent ultrafiltration, to abate the concentration 

of HPAM without necessarily striving to achieve complete HPAM removal, thus minimizing 

the dosage of coagulation agents and the pH increase. This pre-treatment step would enhance 

the performance of membrane filtration, provided that the stream is not too salty, and the 

overall train would guarantee very high HPAM and general TOC removal rates with feasible 

productivity and with limited needs for chemicals, aimed at the safe management of the final 

effluent or improved further tertiary treatment, e.g., desalination. 

 

4. Conclusions 

Physico-chemical and rheological characterization of HPAM aqueous solutions showed that 
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Mg
2+

 and Ca
2+

 induced the phase separation of the HPAM polymer at neutral and basic pH 

values and its precipitation from clean water by simple gravity sedimentation. This mechanism 

was exploited to remove HPAM and it was optimized through a response surface methodology 

model. The results of the model allowed identification of the best recipes to achieve HPAM 

removal (>85%) in complex emulsions mimicking real PW streams. Magnesium dosage and pH 

were the most influential parameters governing precipitation and may be exploited to remove 

HPAM from polymer flooding produced water in real application. One of the outcomes of the 

model is an equation that may be directly applied in field operations to predict and to maximize 

the HPAM removal from PW by exploiting or adding divalent cations as coagulants and using 

pH as a trigger parameter. This equation is present in the Supplementary Material.  

Moreover, ultrafiltration membranes with 15 kDa cut-off provided the best combination of 

productivity (100 LMH under 1 bar applied pressure) and HPAM removal (92%) when applied 

in a surface filtration process. However, ultrafiltration was increasingly less effective in 

providing a clean permeate with high flux when polymer and salt concentrations were high, 

conditions that induced more severe fouling. On the other hand, the precipitation method 

showed high efficiency even for streams of high salinity. Perhaps, the best approach for 

particularly complex waters and with the goal to obtain high-quality effluents would be to 

couple precipitation and ultrafiltration within the treatment train, as the two methods appear to 

complement each other in several ways. 
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