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Abstract: Hydraulic fracturing is widely used to create cracks and increase the size and connectivity of existing fractures, leading to higher 6 

permeability of shale rocks and production of unconventional hydrocarbon sources. The main chemicals used in hydraulic fracturing fluids 7 

can initiate fractures in shale reservoirs by acid induced carbonate dissolution, and minimise energy loss during the pumping process by 8 

friction reducer enhanced fluid viscosity. Here, using batch reactor experiments we investigate the effect of non-ionic polyacrylamide polymer 9 

(friction reducer) on the dissolution rate of calcite in acidic solutions (0.2 M buffer solution of sodium acetate/acetic acid) at 25 °C. The 10 

results demonstrate that polyacrylamide (from 0 to 30 mg) slows down the dissolution rate by a factor of 4. Hydrogen bonding and surface 11 

complexation between non-ionic polyacrylamide and calcite potentially trigger an adsorption mechanism that protects calcite from dissolving. 12 

This research provides new insights into friction reducer (polyacrylamide) influenced pore generation, enabling engineers to optimise the 13 

fracturing fluid design (amount of polyacrylamide) and to consider suitable actions to prevent the polymer from having a negative impact on 14 

productivity. 15 

Keywords: polyacrylamide polymer; friction reducer; calcite dissolution; dissolution inhibition. 16 

1 Introduction 17 

Hydraulic fracturing has enabled enhanced recovery of unconventional gas from deep and low permeability shale 18 

reservoirs by high pressure injection. The hydraulic fracturing fluid is commonly composed of water, proppant, and 19 

various chemicals (King, 2012; Hammack et al., 2014). The additive chemicals (e.g. acid, friction reducer, scale inhibitor, 20 

biocide, corrosion inhibitor, and occasionally other additives) are applied to improve the efficiency of the hydraulic 21 

fracturing operations (Ferrer and Thurman, 2015). Acids and friction reducers are two of the main constituents of 22 

chemical additives in fracturing fluids (Gregory et al., 2011), and they are designed to stimulate the productivity potential 23 

by initiating fractures and minimising friction between the fluid and the pipe (Vidic et al., 2013). Acids can dissolve the 24 

carbonates (i.e. calcite and dolomite) and create pore space in target shale reservoirs. These dissolution pores act as the 25 

nucleation points to trigger further formation and propagation of fractures (Renard et al., 2009), thus exposing an 26 

increased contact area between reactive minerals and fracturing fluids and maximising the growth and connectivity of 27 

fracture networks. Proppant material (such as sands, resins, or ceramics) holds the induced fractures open, maintaining 28 

porosity and allowing gas flow as injection pressure decreases (Gregory et al., 2011; Britt, 2012). The proppant remain 29 
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suspended in the liquid phase by applying a high pumping rate, and friction reducer is therefore introduced in the 30 

fracturing fluid to allow a higher pumping rate (Gordalla et al., 2013) and lower pumping cost (Vidic et al., 2013). Friction 31 

reducer polymer can decrease the turbulent friction drag by avoiding the formation of a vortex (Sun et al., 2014), thus 32 

decreasing friction and promoting laminar flow (Motiee et al., 2016; Yang et al., 2019). 33 

In hydraulic fracturing fluids, high molecular weight (normally over 106 Da) polyacrylamide (PAM) (long chain 34 

polymer, linear structure) is the most commonly applied friction reducer with high water solubility and good thermal 35 

stability (Xiong et al., 2018a; Yang et al., 2019). In Pennsylvania, 100 fracturing operations were randomly selected, and 36 

PAM was used in 100% of these fracturing operations (Xiong et al., 2018b). Habibpour and Clark (2017) found that drag 37 

reduction rate increases from 30% to 67% with increasing PAM from 100 to 1000 wppm (i.e. parts per million by weight). 38 

The PAM polymers can be generally classified into three categories: anionic PAM, cationic PAM, and non-ionic PAM 39 

(Carman and Cawiezel, 2007). The polymers utilised in hydraulic fracturing operations depend on the environmental 40 

conditions. Anionic PAM have a better performance in a fresh water environment (Sun 2014; Rodvelt et al., 2015), 41 

whereas cationic PAM have demonstrated an enhanced performance at high salinity scenario (Rimassa et al., 2009; 42 

Nguyen et al., 2018). The potential advantages provided by friction reducer also include reduced chemical usage, fewer 43 

environmental concerns, and decreased water consumption (Geri et al., 2019). 44 

Carbonates, quartz, and clay are the main mineral components of shale (Shaw and Weaver, 1965; Chalmers et al., 45 

2012). Different shales are characterised with differing mineralogical compositions. Barnett and Woodford Shales are 46 

rich in clays and quartz whereas Haynesville and Eagle Ford Shales are enriched in calcite (Slatt, 2013). Calcite is the 47 

main mineral in carbonate-bearing reservoirs, and it is worth to understand the interaction between calcite and fracturing 48 

fluids during stimulation. It has proven that the combination of hydraulic fracturing with acidizing is an enhanced 49 

stimulation technique to increase the production of the calcite-rich shales (Kharisov et al., 2012; Morsy et al., 2013; Wu 50 

and Sharma, 2015; Guo et al., 2017). The formation of high conductivity channels (wormhole) due to acidizing induced 51 

mineral dissolution is recognized as an efficient way to increase permeability, and a minor change in porosity can 52 

profoundly affect the rock permeability (Gouze and Luquot, 2011; Zou et al., 2018). Calcite can occur embedded into 53 

rock matrix or as cements in natural fractures, and the interaction between calcite-bearing shales and acidic fracturing 54 

fluid can generate dissolution pores and initiate fractures (Shovkun and Espinoza, 2017). The kinetics of calcite 55 

dissolution has been widely investigated under different pH conditions and temperatures, and the calcite dissolution rate 56 

increases by increasing solution acidity and increasing temperature (Sjöberg and Rickard, 1984; Chou et al., 1989; 57 

Cubillas et al., 2005; Dolgaleva et al., 2005). Three surface reactions occur simultaneously at the solid-fluid interface 58 

during calcite dissolution (Sjöberg, 1976; Plummer et al., 1978; Chou et al., 1989; Brown et al., 1993; Fredd and Fogler, 59 
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1998): 60 

                              (1) 61 

                            (2) 62 

                           (3) 63 

Far from equilibrium, the dissolution rate of calcite can be determined as follows: 64 

                          (4) 65 

where H2CO3* stands for the sum of dissolved molecular CO2(aq) and H2CO3 in the aqueous solution; the rate constant 66 

k1, k2, k3 refer to the above three forward reaction, the rate constant k4 refers to back-reaction; aX denotes activities 67 

of species X. The dissolution is controlled by H+ attack (Eq. 1) at low pH when the CO2 partial pressure is low (i.e. 68 

negligible amounts of H2CO3) (Fredd and Fogler, 1998). The reaction involving H2CO3 becomes significant when pH 69 

exceeds 5 and CO2 pressure exceeds about 0.1 atm (Eq. 2). Calcium precipitation begins to play a role at high pH 70 

condition (Eq. 3). In addition, the hydrodynamic conditions are critical for the processes at the calcite-solution boundary 71 

and subsequently the dissolution rate. Closer to the sediment-water interface, molecular diffusion dominates the solute 72 

transport in the thin water film (termed as the diffusive boundary layer, DBL) (Sulpis et al., 2019). The DBL thickness 73 

depends on the roughness of the substrate and the hydrodynamic flow conditions (slower flow velocity produces thicker 74 

DBL, and vice versa) (De Baere et al., 2016). Increased flow rate increases the calcite dissolution rate (Gong et al., 2008), 75 

but it is not our intent here to simulate real hydrodynamic conditions for calcite dissolution. This study is more about rate 76 

comparison between with or without PAM, and thus provides key information on friction reducer (polyacrylamide) 77 

influenced calcite dissolution (pore generation) and benefits the design of hydraulic fracturing fluids. Hence, the 78 

differences in rates may exist between the laboratory experiments and the technical practices in the field. 79 

It is noted that there are components that can inhibit calcite dissolution, such as Mg2+ cations (Compton and Brown., 80 

1994) and phosphate (Berner and Morse, 1974). Mg2+ cations can slow the dissolution rate of calcite as a result of Mg2+ 81 

ions competing with Ca2+  ions for adsorption sites on mineral surfaces, thus reducing the empty sites to receive 82 

dissolving lattice Ca2+ ions (Compton and Brown., 1994). Phosphate acts in a similar way; the retardation effect is 83 

attributed to the blocking of active sites by adsorption of phosphate ions at the surface (Berner and Morse, 1974). 84 

Many of the previous studies on kinetic dissolution of calcite have focused on pH effect and/or the foreign ions 85 

effects. However, the PAM effect on the dissolution rate of calcite has not been well documented. The aim of our study 86 

is to study the dissolution rate of calcite in fluids with different PAM mass by kinetic tests. The results obtained will 87 
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provide new insights into fracture initiation in calcite-bearing shale reservoirs in the presence of friction reducer (PAM) 88 

during on-going fracturing operations to optimise the fracturing fluid design. 89 

2 Methodology 90 

2.1 Sample preparation 91 

The starting material is Iceland spar optical calcite crystals sourced from Mexico. The calcite crystal was ground to 92 

a fine powder with an agate pestle and mortar, and then sieved to obtain a grain size of 63-125 μm. The calcite powder 93 

was ultrasonically cleaned in deionised water until the supernatant liquid was clear. The calcite was then dried in a drying 94 

oven for three days at 50 °C. This calcite powder was subsequently used in the batch reactor experiments. 95 

2.2 Calcite dissolution batch reactor experiments 96 

Dissolution experiments were conducted in 250 mL batch reactors, and all experiments were carried out using 2.0 97 

g of calcite in 200 mL of simulated fracturing fluids. The non-ionic PAM polymer was used as the friction reducer in our 98 

batch reactor experiments. The first trial of our experiments involved using 160 μL hydrochloric acid (12 M) prepared 99 

to simulate fracturing fluids (starting pH of 2). 100 

In the experiment that did not contain non-ionic PAM, an initially large increase in pH was observed when calcite 101 

powder dissolved in hydrochloric acid (Fig. 1). However, the pH slowly increased in the trial using 20 mg of non-ionic 102 

PAM (Fig. 1). Hence, the rates for the experiments that did not contain PAM, can be derived at circumneutral pH 103 

conditions, whereas the PAM-containing experimental calcite dissolution rates can be derived in more acidic conditions 104 

for the most part (Fig. 1). In order to reliably compare the rates between the PAM-containing experiments and the PAM 105 

free experiments, the pH conditions should be controlled using a buffer solution. In addition, it is important to choose a 106 

suitable buffer solution. Buffer solution contains phosphate should be avoided since it is a known inhibitor for calcite 107 

dissolution. Citric acid should be avoided as well since it will chelate with calcium (Mohan, 2003). 108 

 109 
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Fig. 1. pH variation as a function of time for experiments with and without non-ionic PAM polymer (Hydrochloric acid trial). 110 

A fixed ratio of 0.2 M sodium acetate and 0.2 M acetic acid buffer solution is used to simulate the acidic fracturing 111 

fluid and a starting fluid pH of 4.6 is obtained. A buffer solution was used in numerous mineral dissolution experiments 112 

(Wolff-Boenisch and Traina, 2007; Roncal-Herrero and Oelkers, 2011; Farhang et al., 2017). Given that we used the same 113 

buffer-solution concentration in the experiments, we can make a comparison of the dissolution rates of calcite in fluids 114 

with different PAM mass. Moreover, rates generated in this study are similar to those obtained in buffer free solution (see 115 

discussion in section 4). The experimental results from Fredd and Fogler (1998) showed that no significant acetate 116 

adsorption occurs on calcite and complex formation does not influence a limiting step of the dissolution mechanism. The 117 

non-ionic PAM polymer was then dissolved in this buffer solution (200 mL), and the polymer mass experiments (0, 10, 118 

20, 25, and 30 mg) were conducted to investigate the impact of polymer on the dissolution rate of calcite. It was found 119 

that the polymer did not fully dissolve at 25 °C, and it was dissolved in the solution at 45 °C. After complete dissolution, 120 

the solution was cooled down to 25 °C. 121 

Each calcite powder (2.0 g) was added to a 200 mL solution in a closed batch reactor placed on a hot plate stirrer, 122 

where the suspension was continuously stirred using a Teflon-coated magnetic stirrer bar. Each experiment was run for a 123 

total of 100 minutes, and aliquots (1.5 mL) were sampled every ten minutes up to 100 minutes and filtered through 0.45 124 

μm polyethersulfone (PES) membranes for further analysis (0.22 μm filter was not used since the solution was very 125 

viscous). One mL of fluid was extracted, acidified and diluted 10 times in an ultrapure HNO3 (2%) matrix to measure 126 

calcium concentration using inductively coupled plasma optical emission spectroscopy (ICP-OES). Fluid pH was 127 

measured using an in-situ pH meter placed inside the batch reactor (Fig. A.1 in Appendix A). All experiments were 128 

duplicated. The results enable quantification of the calcium mobilisation under different experimental scenarios, thus 129 

establishing the impact of PAM on the dissolution of calcite. 130 

2.3 Analytical methods 131 

The BET (Brunauer Emmett Teller) specific surface area of the non-reacted calcite powder was measured using 5-132 

point N2 adsorption isotherms with a Micromeritics 3Flex surface area analyzer, degassing the sample with nitrogen for 133 

12 h at 100 °C. The specific surface area was 0.26±10% m2∙g-1. 134 

ICP-OES analyses were carried out to quantitatively evaluate the calcium concentration in the sampled fluids from 135 

the batch reactor experiments over eleven time steps by using a Perkin Elmer spectrometer Optima 2000 DV. A standard 136 

solution containing 28 elements (Fisher Chemicals, 100 mg/L) was used to make a calibration series of 0.1, 1, 3, 5, 7, 137 

and 10 mg/L solutions with 2% ultrapure HNO3 matrix. 138 
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2.4 The calculation of calcite dissolution rate 139 

In the batch reactors, the calcite dissolution rate is calculated from the change in concentration of calcium over time, 140 

the total calcite surface area, the volume of the fluid in the reactor, and the stoichiometric factor of Ca in calcite (CaCO3). 141 

During the dissolution of calcite, the fluid chemistry is influenced by the mobilisation of calcium in solution, as well as 142 

an increase in pH. The decrease in calcite mass over time is calculated, as well as the change in total and specific surface 143 

area and variation in fluid volume by sample collection. The total calcite surface area is determined by the specific surface 144 

area (m2∙g-1) multiplied by the remnant mass of calcite powder (g). A quasi-spherical rough particle shape is assumed to 145 

calculate the increase in specific surface area as dissolution proceeds. The calculations are presented in Appendix B. 146 

Given that dissolution of calcite in the slightly acidic solution is initially fast (calcite losses are 39% and 45% of the initial 147 

mass of the starting material after 10 minutes and 20 minutes reaction time, respectively), the calcite dissolution rate is 148 

calculated from the differences in Ca concentration in steps of 10-minute intervals (in the range of 30-80 minutes, six 149 

data points). The resulting average dissolution rate in each experiment is used to evaluate the PAM effect on the calcite 150 

dissolution rate. The average pH and standard deviation of pH used for the dissolution rate determination are calculated, 151 

yielding a pH standard deviation of less than 0.14. The calculation of the calcite dissolution rate is given as: 152 

                                       (5) 153 

where R is the dissolution rate (mol∙m-2∙s-1), C denotes concentration (mol∙L-1), t is time (s), V stands for the fluid 154 

volume in the reactor (L), Ac is the total surface area of the sample (m2), and N denotes the stoichiometric factor of Ca. 155 

3 Results 156 

3.1 Non-ionic PAM polymer influenced pH variation 157 

Batch experiments were carried out to investigate the interaction of calcite with simulated fracturing fluids that 158 

contained different polymer mass. The pH of the buffer solutions (0.2 M sodium acetate and 0.2 M acetic acid) with 159 

dissolved polymers was 4.6 to simulate the slightly acidic fracturing fluid (Fig. 2). In the first 10 minutes of the 0 mg 160 

polymer experiment, solution pH increased from 4.6 to 4.9 given the buffer control of the solution. Moreover, the fluid 161 

pH throughout the experiments was slightly acidic regardless of the polymer mass. The experimental results show that 162 

pH slightly increased with time, and a faster increase in pH occurred in the first 10 minutes followed by a more gentle 163 

increase (Fig. 2). Furthermore, the results demonstrate that an elevated polymer mass leads to a smaller increase in fluid 164 

pH, and the final fluid pH varies from 5.4 (0 mg polymer) to 4.9 (30 mg polymer) with increasing amount of polymer. 165 
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 166 

Fig. 2. pH variation in a series of buffer solutions with different PAM mass during calcite dissolution. 167 

3.2 Kinetics of calcite dissolution in non-ionic PAM-containing acidic buffer solutions 168 

The concentration of calcium in the batch reactor experiments increased with time, with a fast increase within the 169 

first 10 minutes, followed by a slower increase (Fig. 3). The largest calcium concentration (3155 mg/L) was observed for 170 

the experiment that did not contain polymer whereas the highest amount of polymer (30 mg) caused the lowest 171 

concentration of calcium (1302 mg/L). At the end of the experiments, 78.8%, 59.6%, 50.8%, 40.3% and 32.5% of the 172 

calcite starting material was dissolved in the experiments with 0, 10, 20, 25, and 30 mg polymer, respectively (Fig. 3). 173 

Moreover, it should be noted that the calcium concentration is lower (e.g. experiment No. 5 in Fig. 3) in the experiments 174 

with lower pH (e.g. experiment No. 5 in Fig. 2). The calcite dissolution rate is thus opposed to the expected effect of pH, 175 

thus suggesting that non-ionic PAM polymer decreases the amount of dissolved calcite over a certain length of time and 176 

retards calcite dissolution. 177 

 178 

Fig. 3. Variation in calcium concentration as a function of time for the experiments with different amount of non-ionic PAM polymer. 179 

Surface free energy could be defined as the excess energy at the material surface compared with its bulk (e.g. Allain 180 

and Echeverry-Rendón, 2018). Surface atoms always have higher energy than atoms in the bulk of the material since 181 
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atoms at the surface are under-coordinated and have strongly asymmetric bonding configurations (atoms at the surface 182 

of a material can only bond with the atoms next to them and underneath them) compared with interior atoms (Konhauser, 183 

2007). Sample preparation by crushing or grinding could produce structurally damaged surface (fresh surface) (Pracný 184 

et al. 2019), and the surface free energy of these particles helps to destabilize them compared to the bulk material (higher 185 

reactivity) (Holdren Jr and Berner, 1979). The initial increase in Ca-concentration has been generally attributed to a fast 186 

dissolution of ultrafine particles (high surface free energy) (Holdren Jr and Berner, 1979), and the determined values of 187 

the dissolution rates at the beginning of the experiment could be overestimated. Therefore, the rate of calcite dissolution 188 

(Table 1) in the simulated fracturing fluids was derived by taking into account the 30 to 80 minutes interval of reaction. 189 

In the experiment used to calculate the calcite dissolution rate, the pH value was the average pH calculated with six pH 190 

measurements in the 30-80 min interval (Table 1). The rate of dissolution of calcite (Eq. 5) at each time point is determined 191 

from the difference in Ca concentration in 10-minute intervals as explained above. The average calcite dissolution rate 192 

decreases for a lower fluid pH scenario, varying from 5.3×10-6 mol∙m-2∙s-1 at pH of 5.2 to 1.3×10-6 mol∙m-2∙s-1 at fluid 193 

pH of 4.8 (Table 1). This demonstrates that the decrease in dissolution rate is not caused by the effect of pH, but by the 194 

effect of PAM. Furthermore, calcite dissolution rates are commonly of an order of 10-6 mol∙m-2∙s-1 at a pH of 5 (e.g. 195 

Cubillas et al., 2005). This means the rates in our study are reasonable for the pH of around 5 and 25 °C. 196 

Table 1 Average calcite dissolution rates calculated based on the experiments with non-ionic PAM containing-solution. The pH value is the 197 

average pH (± stdev) calculated from six pH measurements (30-80 min) in the experiment used to calculate the calcite dissolution rate. 198 

No. Starting material PAM mass (mg) pH Rate (mol∙m-2∙s-1) 

1 calcite 0 5.17±0.14 5.3×10-6±1.6×10-6 

2 calcite 10 5.04±0.07 3.0×10-6±9.4×10-7 

3 calcite 20 4.98±0.07 2.6×10-6±1.3×10-6 

4 calcite 25 4.91±0.04 1.6×10-6±2.9×10-7 

5 calcite 30 4.83±0.03 1.3×10-6±3.5×10-7 

The addition of PAM resulted in a decrease in calcite dissolution rate (Fig. 4). The rates of the two highest PAM 199 

concentrations are significantly lower than the rates of the two lowest concentrations as they fall outside of the error bars 200 

(Fig. 4). The lower rates were derived in a lower pH scenario, thus confirming that this is not an impact from pH. It 201 

demonstrates that the non-ionic PAM slows down the calcite dissolution rate. Although the differences in pH are very 202 

small, the data suggest an adverse impact of PAM on calcite dissolution and pore generation. 203 
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 204 

Fig. 4. Variation of calcite dissolution rate (mol∙m-2∙s-1) versus mass of non-ionic PAM polymer (mg). 205 

4 Discussion 206 

The addition of non-ionic PAM has resulted in a decrease in the dissolution rate of calcite (Fig. 4). We interpreted 207 

that the adsorption of the polymer onto the calcite surface slows down the dissolution of calcite. In the 0 mg polymer 208 

experiment, the calcite powder uniformly dispersed and a cloudy solution was then observed (Fig. 5a). When the calcite 209 

powder was added to a non-ionic PAM-containing solution, the aggregation of calcite powder was clearly seen, and the 210 

solution remained clear (Fig. 5b). The aggregation of calcite powder occurred regardless of the amount of non-ionic PAM 211 

(10-30 mg), however, a slightly lesser extent could be expected for a smaller amount of polymer in the experiments. We 212 

highly speculated that bridging adsorption would occur if there is some affinity between polymer segments and a particle 213 

surface (e.g. hydrogen bonding) (Bolto and Gregory, 2007). Bridging between two or more particles in the presence of 214 

polymer (Kim and Palomino, 2009) is potentially responsible for the aggregation of solid particles (Fig. 5b). 215 

  

Fig. 5. Photographs of dispersed calcite powder in different buffer solutions: (a) 0 mg polymer experiment; (b) non-ionic PAM-containing 216 

experiment. 217 

The adsorption of polymer onto calcite is highly likely through hydrogen bonding (Wang et al., 2017). The hydrogen 218 
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bonding occurs between the hydrogen atoms on the amide groups (a hydrogen donor) and oxygen atoms on the surface 219 

of the calcite. In neutral state, nitrogen forms three bonds and maintains one pair of non-bonded electrons. The ‘carbonyl 220 

group’ is part of non-ionic PAM (Fig. 6). The strong electron withdrawing nature of the carbonyl group (C=O) allows 221 

potential delocalisation, thus enabling the movement of non-bonded electrons of nitrogen into the adjacent carbonyl group 222 

(DeRuiter, 2005). The electron density is then pulled towards the oxygen and away from the hydrogen at the end of the 223 

group. This means the hydrogens in amide group will have a stronger positive dipole moment, thus enhancing the 224 

adsorption of PAM onto calcite surface (compared to water). Furthermore, the bound water on calcite surfaces enables 225 

two types of surface sites (>CaOH0 and >CO3H0, where > stands for the surface) (Van Capellen et al., 1993), and these 226 

sites were validated by spectroscopic data (Stipp, 1991). In a low pH scenario, the >CaOH site may react with H+ to 227 

form >Ca(OH2)
+, which is the hydrated form of the >Ca+ site (Geffroy et al., 1999). Moreover, the dangling amide 228 

group of the PAM polymer could be hydrolysed to form a carboxylic group (-COO-) (Ma et al., 2015). We speculated 229 

that the adsorption of PAM could also occur via the binding of carboxylate onto the surface site of >Ca+ on calcite 230 

surface. Hence, surface complexation induced adsorption is also a possible way that can prevent calcite from dissolving. 231 

These findings may have implications in hydraulic fracturing in calcite-bearing shale reservoirs. 232 

 233 

Fig. 6. Schematic of electron delocalization in an amide functional group (revised after DeRuiter, 2005). 234 

Moreover, the dissolution rate of calcite obtained at 25 °C (Plummer and Wigley, 1976; Busenberg and Plummer, 235 

1986; Chou et al., 1989) and room temperature (Shiraki et al., 2000) is very similar to the rates in this study for pH around 236 

5 (Fig. 7). However, in situ dissolution rates of calcite at pH 5 were 10 times slower than those calculated in the laboratory 237 

(Fig. 7). This rate inhibition could be explained by the presence of external ions (Wicks and Groves, 1993). 238 
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 239 

Fig. 7. Logarithm of calcite dissolution rate versus pH for this study and comparison with data from other studies on calcite dissolution. 240 

At field sites, the adsorbed PAM also remains in the fracture network, thus decreasing the permeability of shale and 241 

posing an adverse impact on gas production (Grattoni et al., 2004; Carman and Cawiezel; Koteeswaran et al., 2017; Sun 242 

et al., 2017; Guo et al., 2018). Hence, PAM polymer not only retards calcite dissolution and pore generation (as discussed 243 

in section 3.2), but it also causes formation damage (decreased permeability). If the dissolution is inhibited to a certain 244 

extent, this can have a negative impact on fracture initiation and thus decrease conduit connectivity (permeability) in the 245 

reservoirs. In order to minimise the negative impacts of PAM on calcite dissolution and formation damage, practical 246 

measures which can degrade the polymer and/or prevent the polymer from adsorbing on calcite could enable enhanced 247 

recovery of unconventional gas. 248 

Kot et al. (2012) incorporated temperature-sensitive azo groups in the polymer backbone, and this makes polymer 249 

more degradable at high temperature and results in less formation damage. Sun et al. (2011) developed a liquid emulsion 250 

form friction reducer, and it degrades more quickly than convention friction reducers at typical formation temperature. 251 

In addition, urea preferentially forms hydrogen bonds between itself and polymer (Wang et al., 2005), and thus reduced 252 

the adsorbed amount of polymer onto calcite surface in solution (Wang et al., 2017). Urea can remove the adsorbed 253 

amount of PAM on calcite surface and recover the permeability up to 72.46% (Li et al., 2018). Hence, degradable 254 

polymers and urea may potentially reduce the residue polymer onto calcite surface and promote the dissolution of calcite 255 

and gas recovery during fracturing activities. 256 

Conclusions 257 

Batch experiments were carried out to evaluate the calcite dissolution rate in a series of simulated fracturing fluids 258 

with different non-ionic PAM mass. The dissolution rate of calcite in the solution decreases from 5.3×10-6 mol∙m-2∙s-1 259 

to 1.3×10-6 mol∙m-2∙s-1 as the amount of polymer increases from 0 mg to 30 mg, and thus demonstrates that the non-260 

ionic PAM based friction reducer retards calcite dissolution. This finding shows the negative implications of non-ionic 261 
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PAM on fracture initiation and connectivity of the fracture networks during fracturing operations (e.g. negative 262 

implication for permeability of carbonate-bearing shale reservoirs), and thus decreasing the hydraulic fracturing 263 

efficiency and the productivity potential of unconventional hydrocarbon resources. This effect is potentially driven by 264 

hydrogen bonding and surface complexation induced adsorption of non-ionic PAM on calcite, thus slowing down calcite 265 

dissolution. 266 

Appendix A. Experimental apparatus 267 

 268 

Fig. A.1 Photograph that shows the experimental appratus for the batch experiments. 269 

Appendix B. Variation in specific surface area during ongoing dissolution of calcite 270 

The geometric surface area Ageom is approximated by the assumption that the particles are smooth spheres with 271 

surface area and mass, based on an effective spherical diameter de and the calcite density ρ (Tester et al., 1994): 272 

                             (B.1) 273 

where ρ is 2.71 g/cm3 and de is calculated based on the maximum (dmax) and minimum (dmin) particles size obtained 274 

from sieve sizes (dmin and dmax are 63 and 125 μm) in accordance with the following expression (Tester et al., 1994): 275 

                                      (B.2) 276 

Since the measured surface area is larger than the calculated geometric area, a roughness factor ξ is therefore 277 

introduced to link the geometric surface area with the measured specific surface area of the calcite particles: 278 
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                                        (B.3) 279 

where Abet is the specific surface area of the original calcite and equals 0.2615±10% m2∙g-1. 280 

The total volume of particles (particle size ranges from 63 to 125 μm) is calculated using the relationship between 281 

mass m and density. The total number of calcite particles Nc is approximately obtained by dividing the total volume by 282 

the volume of a single particle: 283 

                                       (B.4) 284 

During the dissolution of calcite, the decreasing particle size dc can be defined as: 285 

                                     (B.5) 286 

where mr denotes the remaining calcite in the experiment at a specific time. 287 

Therefore, the variation in the specific surface area of calcite is estimated as: 288 

                                     (B.6) 289 

Based on the change in total calcite mass at each sampling step, we can then estimate the change in representative 290 

diameter, and based on this calculate the changing specific surface area using Eq. (B.6). 291 
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