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ABSTRACT 31 

Surface roughness and the associated nanosized voids inside the roughness structures 32 

have great influence on the separation performance of thin film composite polyamide 33 

reverse osmosis (RO) membranes. Inspired by the recent findings that these voids are 34 

formed due to the degassing of CO2 nanobubbles during interfacial polymerization, we 35 

systematically investigated the role of carbonate chemistry, particularly the solubility 36 

of CO2, in the aqueous m-phenylenediamine (MPD) solution for the first time. “Ridge-37 

and-valley” roughness features were obtained when the pH of the MPD solution was 38 

between the two acidity constants of the carbonate system (i.e. 6.3  pH  10.3), under 39 

which condition HCO3
- dominates over the other carbonate species. Increasing pH over 40 

this range led to both increased water permeability and better rejection of various 41 

solutes, thanks to the simultaneously enhanced effective filtration area and crosslinking 42 

degree of the polyamide layer. Further increase of pH to 12.5 resulted in more disparate 43 

rejection results due to membrane hydrolysis: rejection of neural solutes (B and As(III)) 44 

was compromised whereas that of charged solutes (NaCl and As(V)) was maintained. 45 

The mechanistic insights gained in the current study reveal the critical need to design 46 

RO membranes directly for end applications based on first principles. 47 

  48 
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INTRODUCTION 49 

Membrane-based desalination and water reuse rely on thin film composite (TFC) 50 

reverse osmosis (RO) membranes,1, 2 whose separation performance is largely 51 

determined by the structure and morphology of a thin polyamide rejection film.3, 4 A 52 

typical polyamide film has a rough structure consisting of random protuberances that 53 

are often known as “ridge-and-valley” structures.5-7 Recent microscopic 54 

characterization has visualized nano-sized hollow voids within these protuberances,8-11 55 

which are believed to greatly enhance membrane permeability.6, 9-13 Despite the 56 

increased number of studies investigating membrane surface roughness formation 57 

under various fabrication conditions,13-19 the formation mechanism of nanovoids during 58 

the interfacial polymerization (IP) of polyamide remains poorly understood.  59 

 60 

During a typical IP reaction, an aqueous solution of m-phenylenediamine (MPD) reacts 61 

with an organic solution of trimesoyl chloride (TMC) at the water/organic interface. 62 

Some earlier studies hypothesized that nanovoids are generated by the diffusion of 63 

aqueous MPD droplets into the organic solution, forming polyamide at the 64 

droplet/organic interface and leaving pores within.20, 21 Others believe that these 65 

nanovoids are caused by interfacial instability.22, 23 However, the recent studies by Ma 66 

et al. 24, 25 suggest that these nanovoids were primarily formed by the release of carbon 67 

dioxide (CO2) nano-bubbles. During the IP reaction, acid and heat are generated (Figure 68 

1A), which promotes the degas of CO2 from the aqueous solution. This nanofoaming 69 

theory offers new opportunities to tailor the polyamide rejection layer for enhanced 70 

membrane separation.24-26 71 

 72 
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Presumably, the release of CO2 nanobubbles can be greatly affected by the solubility of 73 

the gas in the aqueous phase. Therefore, we hypothesize that the aquatic chemistry of 74 

the MPD solution can play a major role in shaping the morphology of the polyamide 75 

rejection layer. In particular, the solubility of CO2 can increase by several orders of 76 

magnitude at higher pH (Figure 1B), which prompts us to investigate the fundamental 77 

role of pH during the formation of the polyamide rejection layer. Despite the many 78 

existing studies involving IP reactions at different pH,27-29 the critical role of aqueous 79 

carbonate chemistry (particularly CO2 solubility) and its impact on the morphology and 80 

separation properties of polyamide membranes have not yet been systematically studied.  81 

 82 

Here we performed detailed characterization of polyamide membranes formed over a 83 

wide range of pH to reveal the underlying chemistry-structure-property relationship. 84 

We further investigated the rejection of selected trace contaminants (boron and arsenic) 85 

in addition to water permeability and NaCl rejection to resolve the major mechanisms 86 

in polyamide formation. The current study provides a fundamental framework for in-87 

depth understanding of the role of aqueous chemistry during the interfacial 88 

polymerization of TFC RO membranes, which has important implications for tailored 89 

membrane development for desalination and water reuse applications.   90 
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 91 

Figure 1. (A) The reaction involved in the interfacial polymerization of MPD and TMC, which generates 92 

hydrochloric acid (H+ + Cl-) and heat (ΔH). (B) The effect of pH on the solubility of CO2.30 To obtain 93 

the concentration C of the dissolved species ([H+], [H2CO3], [HCO3
-], [CO3

2-] and [OH-]), it is assumed 94 

that the aqueous solution is in equilibrium with the ambient atmospheric CO2.30 The total dissolved CO2 95 

concentration is the sum of [H2CO3], [HCO3
-], and [CO3

2-]. 96 

 97 

MATERIALS AND METHODS 98 

Chemicals. Polysulfone (PSf, Mw~35,000, Sigma-Aldrich) and dimethylformamide 99 

(DMF, anhydrous 99.8%, Sigma-Aldrich) were used to prepare the porous substrate. 100 

m-phenylenediamine (MPD, 99%, Sigma-Aldrich), trimesoyl chloride (TMC, 98%, 101 

Sigma-Aldrich), and n-hexane (HPLC grade, ≥95%, Sigma-Aldrich) were used in 102 

interfacial polymerization as the aqueous phase monomer, organic phase monomer, and 103 

organic phase solvent, respectively. Sodium hydroxide (NaOH, Dieckmann) and 104 

hydrochloric acid (HCl, 37%, VWR) were used for pH adjustment. Sodium chloride 105 

(NaCl, Dieckmann), boric acid (B(OH)3, Dieckmann), sodium arsenate dibasic 106 
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heptahydrate (HAsNa2O4ꞏ7H2O, Sigma-Aldrich), and arsenic (III) oxide (As2O3, 107 

≥99.0%, Sigma-Aldrich) were used for membrane rejection tests.  108 

 109 

Membrane fabrication. The PSf substrate was fabricated using a non-solvent induced 110 

phase separation method.31 Briefly, a 15 wt% PSf dissolved in DMF was casted onto a 111 

clean glass plate with an automatic film applicator (Elcometer 4340, Elcometer, gate 112 

height of 150 μm). The PSf substrate, after being coagulated in deionized (DI) water at 113 

room temperature (~ 25 ˚C), was thoroughly rinsed and soaked with DI water before 114 

further using.  115 

 116 

Interfacial polymerization was performed on the PSf substrate using 1 wt.% aqueous 117 

MPD solution and 0.1 wt.% of TMC in hexane. The MPD solution without any pH 118 

adjustment has a solution pH of approximately 9.3. In order to investigate the role of 119 

pH on the formation of polyamide layer, additional aqueous solution pH of 4.0, 5.0, 6.3, 120 

10.3, and 12.5 (by the addition of HCl or NaOH solution) were included, where pH 6.3 121 

and 10.3 correspond to the two acidity constants pKa1 and pKa2 of the carbonate system 122 

(Figure 1B). To perform the IP reaction, the PSf substrate was first soaked in the 123 

aqueous MPD solution for 2 min. Excess MPD solution was gently removed by a rubber 124 

roller. The MPD impregnated PSf substrate was then soaked in the TMC/hexane 125 

solution for 1 min to form the polyamide rejection layer. The formed polyamide 126 

membrane was rinsed by hexane and kept in 50 ˚C Milli-Q water for 10 min for further 127 

polymerization. The prepared membranes were named as TFC-pHX, where X is the pH 128 

value of the corresponding MPD solution.  129 

 130 
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Membrane characterization. Unless specified elsewhere, all membrane samples were 131 

freeze vacuum-dried before characterization. Field-emission scanning electron 132 

microscopy (FE-SEM, S-4800, Hitachi) was used to characterize membrane surface 133 

morphology. Dried membrane samples were sputter-coated with a thin gold layer 134 

followed by an SEM scanning operated at an accelerating voltage of 5.0 kV. 135 

Transmission electron microscopy (TEM, CM100, Philips) was used to resolve 136 

membrane cross section structure at an accelerating voltage of 100 kV. Atomic force 137 

microscopy (AFM, MFP-3D, Asylum Research) was used to determine membrane 138 

surface roughness with a scanning range of 5.0 × 5.0 µm2. X-ray photoelectron 139 

spectroscopy (XPS, Thermo Fishier Scientific) was employed to analyze the elemental 140 

composition of membrane surface. The analysis was performed using an X-ray source 141 

of Al Kα gun with a spectra range of 0-1350 eV. The obtained atomic percent of O and 142 

N were used to calculate the ratio of oxygen to nitrogen (O/N) of the polyamide layer, 143 

which can be further used to determine its crosslinking degree (Supporting Information 144 

S1). Zeta potential analyzer (EKA, SurPASS 3, Anton Paar) were applied to measure 145 

membrane surface charge in a 1.0 mM potassium chloride background solution with a 146 

pH range of 3.0~10.0. Attenuated total reflectance Fourier transform infrared 147 

spectroscopy (ATR-FTIR, Nicolet iS5, Thermo Fisher Scientific) was used to scan 148 

functional groups on membrane surface over a wavenumber range of 650-4000 cm-1.   149 

 150 

Membrane separation performance. Membrane separation performance including 151 

water flux and solutes rejection were tested using a laboratory-scale cross-flow RO 152 

filtration system (Supporting Information S2).32 A membrane coupon was loaded in a 153 

stainless steel cell with an effective filtration area of 12.0 cm2 and was pre-compacted 154 

at 17.0 bar for 2 h with a cross-flow velocity of 22.4 cm/s under room temperature (~ 155 
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25 ˚C). The permeate samples were then collected at 15.5 bar to measure water flux and 156 

solute rejection.  The water flux and permeability were calculated by:33  157 

 𝐽 ∆

∆
          (1) 158 

𝐴
∆ ∆

              (2) 159 

where  𝐽  (L m-2 h-1) is the water flux, ∆m (kg) is the mass of permeate over a time 160 

interval of ∆t (h), 𝑎 (m2) is the effective membrane area, ρ is the density of water (i.e., 161 

1.0 kg L-1), 𝐴 (L m-2 h-1 bar-1) is the water permeability coefficient, ∆𝑃 (bar) is the 162 

transmembrane pressure, and ∆𝜋 (bar) is the osmotic pressure across the membranes. 163 

 164 

Salt rejection was tested using 2000 ppm NaCl as feed solution. The solution 165 

conductivity was measured by a portable conductivity meter (Ultrameter II, Myron L), 166 

which can be subsequently converted to the NaCl concentration in the feed and 167 

permeate solution (i.e., Cf and Cp, respectively).34 NaCl rejection (R) and permeability 168 

(B) were calculated by:35 169 

𝑅 100%            (3) 170 

𝐵 1 𝐽             (4) 171 

The rejection of trace contaminants were investigated using a feed solution containing 172 

5 ppm boron, 1 ppm As(III), and/or 1 ppm As(V). The concentration of boron and 173 

arsenic were determined by an inductively coupled plasma spectrometry (ICP-MS, 174 

Agilent 7900).  175 

 176 

RESULTS AND DISCUSSION 177 
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Effect of pH on membrane morphology and structure 178 

TFC-pH4.0 had a relatively flat surface without the typical “ridge-and-valley” 179 

appearance (Figure 2A1) for polyamide RO membranes, which is in direct contrast to 180 

the “ridge-and-valley” morphology for membranes formed at pH ≥ 6.3 (Figure 2A3-6). 181 

Furthermore, TFC-pH5.0 (Figure 2A2) showed a transitional appearance between the 182 

two distinctively different surface morphologies. These results reveal the critical role 183 

of aqueous carbonate chemistry on the structure of polyamide membranes. The low 184 

solubility of CO2 at pH ≤ pKa1 (i.e. pH 6.3) likely reduces the formation of CO2 185 

nanobubbles during the IP process much like what occurs for degassing the amine 186 

solutions24 or varying sodium bicarbonate concentration,25 and thus results in a 187 

relatively flat surface of TFC-pH4.0. The CO2 solubility is greatly enhanced at pH ≥ 188 

pKa1 as evident from the significantly increased concentration of HCO3
-. During the IP 189 

reaction, HCO3
- accepts the proton generated (Eq. 5 and Figure 1A), which releases 190 

CO2 gas bubbles under the influence of IP heating: 191 

HCO H → H CO
   
⎯⎯ H O CO ↑                                          (5) 192 

The “ridge-and-valley” structure (Figure 2A3 ~ 2A6) obtained at pH ≥ pKa1 is likely 193 

caused by the enhanced CO2 release. According to Ma et al.,24 the release of CO2 194 

nanobubbles promotes the formation of roughness features. In their control experiment, 195 

these authors degassed the MPD solution to remove the dissolved CO2 before the 196 

interfacial polymerization, and the resulting polyamide membrane did not show the 197 

“ridge-and-valley” appearance. 198 
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 199 

Figure 2. Microscopic characterization of various polyamide TFC membranes. (A) SEM micrographs 200 

(top view), (B) TEM micrographs (cross section), and (C) AFM micrographs of top surfaces. RRMS is the 201 

root mean square surface roughness. The surface area ratio is defined as the ratio of the measured three-202 

dimensional surface area of the polyamide film to its projected area onto the two-dimensional plane of 203 
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the membrane. The projected area is determined by the size of the AFM scan, which was 5.0  5.0 μm2 204 

in the current study. 205 

 206 

This explanation is further supported by the TEM and AFM results showing larger 207 

roughness features with increased voids size (Figure 2B1-6) and increased surface 208 

roughness for membranes formed at pH ≥ pKa1 (Figure 2C1-6). However, TFC-pH12.5 209 

showed slightly reduced void contents compared to TFC-pH10.3 (Supporting 210 

Information S3), which may be attributed to the predominance of CO3
2- instead of 211 

HCO3
- at pH > pKa2 (i.e. pH10.3) in the aqueous solution, in which case the acceptance 212 

of a H+ may not lead to a direct degassing of CO2: 213 

CO H → HCO                                                                                                   (6) 214 

Nevertheless, it is important for the readers to be aware of the inherent limitations of 215 

the AFM roughness measurements: (1) some of the valley regions cannot be assessed 216 

by the AFM tip due to its finite size,25 (2) the measurement can be influenced by the 217 

curvature of a sample,24 and (3) the surface roughness is also affected by sample 218 

drying.26 219 

Effect of pH on cross-linking and surface charge 220 
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 221 

Figure 3. Physicochemical properties of various polyamide TFC membranes. (A) The ratio of oxygen to 222 

nitrogen (i.e., the O/N ratio) and the crosslinking degree of various polyamide membranes. The 223 

crosslinking degree (n) was calculated from the O/N ratio (r) by:  n = (4-2r)/(1+r) in accordance to a 224 

previous study36 (Supporting Information S1). (B) The zeta potential of the TFC membranes. Zeta 225 

potential was measured in 1 mM KCl solution. Due to the difficulties in keeping the pH constant under 226 

ambient air conditions,37 the zeta potential value determined was the average of the measured values over 227 

the solution pH range of 6.5 to 7.5. Within this pH range, the measured values were relatively constant 228 

(see Supporting Information S4). All reported results are the average value from at least three parallel 229 

measurements. 230 

  231 

The ratio of oxygen to nitrogen (i.e., the O/N ratio, r) obtained from XPS surface 232 

analysis decreased from 1.76 ± 0.07 for TFC-pH4.0 to 1.25 ± 0.06 for TFC-pH10.3, 233 

corresponding to an improved cross-linking degree from 18 ± 5% to 67 ± 9% (Figure 234 

3A). These values are relatively low compared to typical commercial RO membranes,38 235 

whose proprietary recipes are optimized in terms of monomer concentrations and 236 

additives,7, 14, 39 which may lead to a higher cross-linking degree.38 Meanwhile, the 237 

membranes formed at pHs between 6.3 to 10.3 were significantly less negatively 238 

charged compared to those formed at pH 4.0-5.0 (Figure 3B). These results can be 239 

attributed to the more abundant proton acceptor (i.e., OH-) at higher pH, which could 240 
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neutralize H+, a byproduct generated during IP reaction, to further promote the reaction 241 

in the forward direction with enhanced crosslinking degree.40 At the same time, the 242 

reduced carboxyl groups at the increased cross-linking level12, 14 leads to the less 243 

negatively charged membrane surface.  244 

 245 

Nevertheless, at the highest pH of the amine solution (pH 12.5), TFC-pH12.5 had a 246 

relatively high O/N ratio of 1.49 ± 0.04 with a greatly dropped cross-linking degree of 247 

41 ± 4% as well as more negative surface zeta potential compared to that of TFC-248 

pH10.3. The excess amount of hydroxide (OH-) at this extremely high pH might 249 

compete with MPD monomer to react with TMC as well as to hydrolyze the  polyamide 250 

layer, which results in reduced cross-linking degree.27  251 

 252 

Membrane separation performance 253 

 254 

Figure 4. Membrane separation performance including (A) water flux, rejection of NaCl and boron, and 255 

(B) rejection of As (III) and As (V) of various membranes. Testing conditions: 2000 ppm NaCl, 5 ppm 256 

boron, 1 ppm As (III) and/or 1 ppm As (V) at 15.5 bar with a cross-flow velocity of 22.4 cm/s under 257 

room temperature (25 ˚C). All reported results are the average value from at least three parallel 258 

measurements. 259 



15 
 

 260 

Membrane water flux was improved via increasing the pH of MPD solution (Figure 261 

4A), which could be attributed to the enhanced membrane surface area ratio and thus 262 

greater availability of effective filtration area together with the formation of nanovoids 263 

(Figure 2).13, 16, 24, 41 However, increased surface area ratio alone is not sufficient to 264 

explain why TFC-pH12.5 had the highest water flux even though its surface area ratio 265 

was lower than that of TFC-pH10.3 (Figure 2C5 and 2C6). The further increase in water 266 

flux at the MPD solution pH of 12.5 is likely due to the partial hydrolysis of polyamide. 267 

Indeed, amide bonds are known to be hydrolyzed at high pH.27, 40, 42 Consistently, TFC-268 

pH12.5 had a reduced crosslinking degree compared to TFC-pH10.3 (Figure 3A), 269 

which enhances water transport.   270 

 271 

Increasing the pH of the MPD solution from 4.0 to 10.3 during IP reaction resulted in 272 

enhanced rejection to both NaCl (from 87.2 ± 3.2% to 99.4 ± 0.1%) and boron (from 273 

48.7 ± 2.7% to 79.9 ± 1.8%). Nevertheless, further increasing the pH of the MPD 274 

solution to 12.5 led to a reduced rejection of boron (72.4 ± 1.6%), yet without 275 

significant impact on NaCl rejection. The rejection of neutrally charged boron is mainly 276 

governed by the mechanism of size exclusion, which depends directly on the cross-277 

linking degree of polyamide. High cross-linking degree can enhance the effect of size 278 

exclusion and thus improve the rejection of boron by polyamide membrane. On the 279 

other hand, the rejection of NaCl is governed by the combined effects of size exclusion 280 

and electrostatic interaction. Despite the reduced crosslinking degree of TFC-pH12.5 281 

as a result of membrane hydrolysis, its more negative surface charge helps to maintain 282 

the rejection of NaCl thanks to the enhanced Donnan effect.43-45 283 
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 284 

To further confirm the above explanation, we performed additional rejection tests for 285 

negatively charged As (V) and neutrally charged As (III) (Figure 4B). TFC-pH12.5 286 

gave a significantly lower rejection of neutral As (III) compared to TFC-pH10.5, 287 

whereas no significant change was observed for the rejection of negatively charged As 288 

(V) by both membranes. These results are in good agreement with the rejection 289 

behavior of boron and NaCl.  290 

 291 

IMPLICATIONS  292 

 293 

Figure 5. Water-NaCl permselectivity of membranes TFC-pH4.0 ~ TFC-pH12.5. The permselectivity 294 

of RO membranes is given by the ratio of water permeability coefficient A and solute (NaCl) permeability 295 

coefficient B.4 296 

 297 

The current study demonstrates that water chemistry, particularly the classical 298 

carbonate chemistry, plays a critical role in shaping the polyamide morphology and 299 

turning the polyamide chemistry. Increasing MPD solution pH up to 10.3 resulted in 300 

simultaneous enhancement of membrane permselectivity and permeability (Figure 5), 301 

thanks to the greater tendency of CO2 degassing at pH values between the two pKa 302 
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values of the carbonate system (6.3 and 10.3, respectively) as well as enhanced cross-303 

linking of the polyamide layer. The membrane chemistry-structure-separation 304 

relationship revealed in the current study provides important mechanistic insights, 305 

which is critical for designing highly selective and permeable membranes. 306 

 307 

Existing RO membrane fabrication literature has largely relied on NaCl rejection (in 308 

addition to water permeability) for membrane performance benchmarking and 309 

optimization. Nevertheless, many environmental applications require the treatment of 310 

trace contaminants that often have critical health implications (e.g., boron in seawater 311 

desalination,46 arsenic in groundwater treatment,47, 48 and organic micropollutants such 312 

as endocrine disruptors and N-nitrosodimethylamine in wastewater reclamation49, 50). 313 

Membrane makers need to be explicitly aware that a membrane optimized for NaCl 314 

rejection and water permeability is not necessarily the best option where neutrally 315 

charged trace contaminants are targeted. For example, while TFC-pH12.5 may be 316 

considered as the best option for applications targeting primarily salt removal (e.g., 317 

brackish water desalination), TFC-pH10.3 is likely more suitable for water reuse 318 

application, where higher rejection of neutral contaminants is required in addition to 319 

charged solutes. Therefore, future studies need to explore designing RO membranes 320 

directly for end applications based on first principles and fundamental mechanisms, in 321 

viewing of the deficient current practice of using NaCl rejection as a sole selectivity 322 

parameter. 323 

 324 

SUPPORTING INFORMATION     325 



18 
 

S1. Calculation of crosslinking degree; S2. Cross-flow reverse osmosis (RO) filtration 326 

system; S3. TEM micrographs for TFC-pH10.3 and TFC-12.5; S4. Zeta potential and 327 

XPS results; S5. ATR-FTIR spectra results. This material is available free of charge via 328 

the Internet at http://pubs.acs.org. 329 
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