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Acrylamide is an important chemical in great global demand for the synthesis of polyacrylamide. A facile and benign approach of concentrating high osmotic acrylamide aqueous solution at a low temperature is needed to replace the current energy-intensive and cost-expensive thermal flash evaporation process. For the first time, a multi-stage forward osmosis (FO) process has been developed to concentrate acrylamide solution from 200 g/L to 600 g/L. Thin-film composite (TFC) membrane was fabricated and used for the multi-stage FO process. Acrylamide feed solution (FS) with various concentrations was systematically characterized in terms of viscosity and osmotic pressure (OP). Draw solutes including NaCl and MgCl2 were tested, and their reverse salt fluxes were measured with the quantification of their accumulative contents in the resultant concentrated acrylamide solution. Different operation modes including AL-FS (active layer facing FS) and AL-DS (active layer facing DS) were explored to optimize the system efficiency of the FO concentration process. Both single- and multi-stage FO operations were investigated, and their performances were quantified to assess the efficiency of the concentration of acrylamide solution. The results demonstrate that the multi-stage FO operation could dramatically improve the system efficiency for the concentration of acrylamide solution better than the single-stage FO process, and the draw concentration renewal at Stages II, III, and IV led to a water flux increase of 18.56%, 17.52%, and 18.43%, respectively. Moreover, the accumulated MgCl2 in the final 600 g/L acrylamide solution was below 3.7 g/L, less than 0.62 wt% impurity in the product of acrylamide. Our work provides a practical insight into the viability and optimization of a multi-stage FO process for concentrating high osmotic chemicals.
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HIGHLIGHTS
• The potential of multi-stage forward osmosis in concentrating acrylamide was demonstrated.
• The acrylamide solution could be concentrated from 200 to 600 g/L during the FO process.
• MgCl2 was used as a more effective draw solute than NaCl with a very low reverse salt flux.
• The AL-FS mode was favored for concentrating acrylamide at a high concentration (> 200 g/L).
• The multi-stage FO operation could dramatically improve both water flux and concentration time.
1 INTRODUCTION
Acrylamide holds significant industrial importance; it is primarily utilized in creating polyacrylamide, which accounts for approximately 90% of its usage (Smith and Oehme, 1991; Braun et al., 2022). Polyacrylamide is extensively used as a coagulant or flocculant for water treatment, with growing demand being driven by increasingly stringent environmental regulations (Seybold, 2008; Nath and Pande, 2020). Polyacrylamide also works as a water-soluble thickener for enhanced oil recovery, shale strengthening, and shale gas extraction (Xudong et al., 2004; Li et al., 2017; Al-Kindi et al., 2022). Thanks to numerous applications of polyacrylamide, its global demand is expected to grow continuously (Xiong, Loss, Shields, et al., 2018). Currently, acrylamide is synthesized through acrylonitrile (ACN) hydrolysis with nitrile hydratase (Lee et al., 1991; Raj et al., 2006; Asano et al., 2014), and it needs further concentration into a highly concentrated acrylamide solution for the synthesis of polyacrylamide. However, the present practical upper limit of produced acrylamide solution is only approximately 150 g/L−250 g/L (James Munch, 1975), and the high concentration of acrylamide severely decreases the stability and activity of the nitrile hydratase catalysts. It can especially cause a rapid catalyst deactivation when the acrylamide concentration is higher than 300 g/L (Watanabe, 1982; Nagasawa et al., 1993). Therefore, an enhanced concentration process for acrylamide product solution is imperative for meeting the necessary polymerization conditions required for polyacrylamide synthesis.
Thermal flash evaporation is a widely employed technique for concentrating acrylamide solution by removing water under the reduced-pressure of 1 bar at 50 °C–55 °C (Watanabe et al., 1989). However, this process is energy-intensive and is accompanied by high installation and maintenance expenses due to the complexity of the equipment (Wade, 1993; McGinnis and Elimelech, 2007). In addition, the relatively high operating temperature for the flash evaporation technique often causes the undesired free-radical polymerization of acrylamide, thereby inducing impurity (Ogata, 1960; Smith and Oehme, 1991). Therefore, a benign process of concentrating acrylamide aqueous solution at a low temperature is needed to improve purity, save energy, and reduce cost.
As an emerging concentration process, forward osmosis (FO) has been developed to concentrate high osmotic solution (Qi, Hu, Chai & Wang, 2019; An, Hu, Wang, Zhou & Liu, 2019; (Hu, 2023). During the FO process, osmosis drives water through a semipermeable membrane from feed to DS, thus concentrating a solute in the feed solution (FS) (Chekli et al., 2016; She et al., 2016). Therefore, selecting an appropriate draw solution (DS) with a higher osmotic pressure (OP) than that of the FS is key to sustaining the osmotic driving force through the FO membrane to concentrate the solute in FS (Zhao et al., 2012). In contrast, in counteracting the OP of FS, the pressure-driven membrane process of reverse osmosis has a limiting performance and does not work for concentrating high-osmotic FS (Rastogi, 2016). Meanwhile, FO membrane is also a core element in the FO system; recently, the gold standard for FO application has been thin-film composite (TFC) membrane, which exhibits relatively high permeability-selectivity far exceeding those cellulose-acetate-based FO membranes. Notably, the FO process provides the great advantage of membrane process of concentrating the high-osmotic FS at ambient conditions without extra pressure or heat (McGinnis and Elimelech, 2007; Zhao et al., 2012). Thus, with a high-performance membrane and suitable draw solutes, the FO process should have greater benefits than thermal concentration for concentrating acrylamide solution in terms of final product quality and energy demand. However, no work has been done to investigate the forward osmosis membrane process for concentrating high osmotic acrylamide solution.
The single-stage forward osmosis (FO) process requires a draw solution of initially higher concentration to generate an adequate driving force which can lead to inefficient resource utilization and higher reverse salt flux (Giagnorio et al., 2022; Truong and Chong, 2024). To overcome such limitations inherent in single-stage membrane processes, multi-stage membrane systems have been developed which have been theoretically proven to enhance the efficiency of separation or concentration operations (Zhu et al., 2009; Alshehri and Lai, 2014; Truong and Chong, 2024). Additionally, multi-stage membranes offer the advantage of maintaining a more uniform water flux across entire modules. This is achieved by adjusting the applied pressure at various stages to counteract the increasing osmotic pressure of the concentrated feed solution (Lin and Elimelech, 2015; Giagnorio et al., 2022). Therefore, multi-stage membrane processes have the potential to significantly reduce the overall economic costs of separation or concentration operations by reducing any unnecessary consumption of energy and resources. In this study, a multi-stage FO system is developed and evaluated for concentrating 200 g/L acrylamide solution with high OP (71.49 bar) for the first time. The current advanced TFC polyamide membrane is fabricated and evaluated in the FO process. Different concentrations of acrylamide solution are methodically studied for viscosity and OP and employed as FS. Draw solutes including representative monovalent salt sodium chloride (NaCl) and divalent salt magnesium chloride (MgCl2) were tested for the concentration of acrylamide solution; their reverse salt fluxes were measured, and their accumulative contents were quantified in the resultant concentrated acrylamide solution. Different operation modes including the AL-FS (active layer facing FS) and the AL-DS (active layer facing DS) were also studied to optimize the system efficiency of the FO concentration process. Both single- and multi-stage operations were then carried out, and their performances were quantified and compared to assess the efficiency of the FO process for the concentration of acrylamide solution. Our work provides a practical insight into the viability and optimization of multi-stage FO process for concentrating high-osmotic chemicals.
2 MATERIALS AND METHODS
2.1 Materials and chemicals
Polysulfone (PSf, Mn: 21,000 g/mol) was sourced from Solvay (Brussels, Belgium). M-phenylenediamine (MPD) and trimesoyl chloride (TMC) were obtained from Sigma-Aladdin (United States). Sodium chloride (NaCl), magnesium chloride (MgCl2), acrylamide, N-methyl-2-pyrrolidinone (NMP), and n-hexane were purchased from Sinopharm (China). All chemicals were utilized in their received state without further modification.
2.2 Fabrication and characterization of the TFC FO membrane
TFC FO membrane was fabricated via a two-step method according to our previous work (Liu and Hu, 2016): preparation of PSf support membrane through non-solvent-induced phase separation and the fabrication of the top PA layer through interfacial polymerization (IP) (Hao et al., 2023a; Hao et al., 2023b). In brief, 12 wt% PSf/NMP casting solution was cast on an NMP-prewetted PET nonwoven fabric using a casting knife with a gap of 150 μm and was immersed in deionized (DI) water (25 ± 1°C) overnight to produce the PSf support. The PA layer was then prepared on top of the PSf support using 3.4 wt% MPD aqueous solution and 0.15 wt% TMC organic solution in hexane. The obtained TFC membrane was immersed in 90 °C water bath for 120 s and then transferred in 4 °C DI water for further use.
The morphologies of the TFC membranes were observed using a Hitachi scanning electron microscope (SEM, S-4800). The contact angle of polyamide surface was determined using the Data Physics optical instrument (OCA20, Germany) with a digital camera. The surface charge of the sample was determined through Anton Paar electrokinetic analyzer (SurPASS™ 2, Austria) with 1.0 mmol/L KCl buffer solution, with 3–10 pH. The FO performance (details in Supporting Information, S1) of the fabricated TFC membrane was measured via a cross-flow custom-designed FO system at 25.0°C ± 0.5°C using a circulating cooling system (SDC-6, Scientz Biotechnology, China) (Supplementary Figure S1) according to Tiraferri et al. (2013). The effective surface area of the membrane cell was 38.52 cm2 and the crossflow velocity of both feed and draw solution was maintained at 7 cm/s. The water flux and reverse salt flux were determined following our previous work (Liu and Hu, 2016) and tested under the AL-DS and AL-FS operation modes, respectively.
2.3 Characterization of acrylamide and draw solutions
OP of solutions was determined using a YASN freezing-point osmometer (Osmopro3250, United Kingdom). The viscosities of NaCl, MgCl2, and acrylamide solutions with various concentrations were determined using a Brookfield viscometer (DVS+, United States) under 25 °C. The concentration of acrylamide solution was determined using Persee UV-Vis spectrometer (TU-1810, China) at 198 nm based on the calibration curve shown in Supplementary Figure S2.
2.4 The operation of the FO process for concentrating high-osmotic acrylamide solution
The concentration process of acrylamide solution was carried out in the above-mentioned crossflow FO system; draw solutions were 4 mol/L (M) and 5 M MgCl2, respectively. For each run, the initial acrylamide and DSs were performed at a crossflow velocity of 0.7 cm/s and kept at a constant volume of 1 L. The continuous flux was monitored via a Mettler digital balance (ME104E, Switzerland) and a Eutech conductivity meter (CON2700, United States) according to our previous work (Liu and Hu, 2016).
3 RESULTS AND DISCUSSION
3.1 TFC polyamide membrane
The PA active layer of the TFC membrane was formed on a PSf support membrane via the IP method. As illustrated in Figure 1A, the polyamide surface of the TFC membrane presents a characteristic ridge and valley morphology and exhibits good hydrophilicity with a relative low water contact angle (WCA) of 44° ± 4°. The average surface roughness of the polyamide layer was measured by AFM to be 90 ± 5 nm (Figure 1C), comparable with other reported TFC membranes (Han et al., 2012; Tian et al., 2013; Sun et al., 2014). In addition, the morphology of the cross-sectional TFC FO membrane revealed a thin polyamide layer of approximately 300 nm, crafted atop the porous PSf support exhibiting a finger-like pore structure (Figure 1B); this is expected to have a much lower mass transport resistance and, thereby, a suppressed internal concentration polarization (ICP) effect (Yip et al., 2010). Furthermore, TFC polyamide membrane exhibits a typical high water permeability coefficient (A) as 1.32 ± 0.11 LMH/bar, a very low solute permeability coefficient of NaCl (B) as 0.11 ± 0.08 LMH, and a characteristic structure parameter (S) of 421 ± 80 μm (Figure 1D), close to those of the previous reported TFC FO membranes (Zhang et al., 2021; Ibraheem et al., 2023), but much higher water permeability and NaCl selectivity than the well-used commercial TFC membrane or cellulose triacetate membrane from HTI (Tiraferri et al., 2013; Long et al., 2016) (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Surface and cross-section morphologies of the TFC membrane, including SEM images (A, B) and AFM image (C) of the TFC membrane; the insert in the SEM image A is a water drop on the membrane surface and its average water contact angle (WCA), and intrinsic transport parameters (A, B, S) of the TFC membrane (D).
3.2 Acrylamide solution and draw solution
The viscosity and OP of acrylamide solution with various concentrations were measured since they may have significant impacts on the FO concentration process and determine the selection of DS. As shown in Figure 2A, acrylamide solution exhibits a slightly increased viscosity with its concentration but presents a relatively low viscosity below 10 cP, even at a high concentration of 600 g/L. The increased viscosity often leads to a decreased solution diffusivity and subsequent intensified concentration polarization in FO. Compared to the viscosity of DI water (2.61 cP), results show that acrylamide solution has a comparably low viscosity. The OP of acrylamide solution with various concentrations exhibits a linear increase from 71.49 bar to 187.28 bar, with its concentration increasing from 200 g/L to 600 g/L (Figure 2B). Such a high OP of the acrylamide solution requires an appropriate DS with a much higher OP to concentrate the acrylamide solution in the FO process.
[image: Figure 2]FIGURE 2 | Viscosity (A) and OP (B) of acrylamide solution with various concentrations 200 g/L–600 g/L in water at 25 °C.
NaCl and MgCl2 were selected as a typical monovalent and divalent draw solute owing to the popularity and high OP. As presented in Figure 3A, the OPs of NaCl and MgCl2 solutions increase almost linearly with their concentrations following the Van ‘t Hoff law. The OP of 5 M MgCl2 solution is 413.81 bar, dramatically higher than 232.86 bar of 5 M NaCl solution. Nonetheless, NaCl DS is selected for many FO studies due to its abundance, low cost, and high solubility. In addition, as the concentration of NaCl DS rises from 3 M to 5 M, the water flux escalates from 3.65 LMH to 7.20 LMH in the AL-DS mode. Simultaneously, the salt flux displays a significantly accelerated rising pattern, surging from 12.65 gMH to 26.95 gMH (Figure 3B). When MgCl2 was selected as DS with the concentration increasing from 3 M to 5 M, the water flux increased rapidly from 3.88 LMH to 10.22 LMH in the AL-FS mode, which is greater than that with the NaCl DS owing to higher OP of MgCl2 solution. Moreover, the reverse salt flux was higher when the MgCl2 concentration increased and reached ∼20 gMH when operated in AL-FS operation mode with 5 M MgCl2, which was obviously lower than that when using the same NaCl draw concentration. Moreover, the special reverse salt flux (SRSF, Js/Jw, g/L) was calculated to ascertain the mass loss of the draw solute, which diffused across the TFC polyamide membrane since little water permeates through the membrane, which is lower for higher performance of FO membrane with the better selectivity-permeability. Results in Figure 3C illustrate that the SRSF of the TFC membrane is obviously lower under MgCl2 DS than under NaCl DS. For example, with the increasing MgCl2 draw concentration from 3 M to 5 M, the corresponding SRSF of the TFC membrane changed from 1.32 g/L to 1.54 g/L in the AL-FS mode; however, with NaCl DS, it increased from 2.48 g/L to 2.94 g/L, indicating a much less loss of MgCl2 than NaCl in the FO process (Hancock and Cath, 2009).
[image: Figure 3]FIGURE 3 | OPs (A) of NaCl and MgCl2 solutions with various concentrations 1 M–5 M at 25 °C. Water flux (Jw), reverse salt flux (Js) (B), and SRSF (Js/Jw) (C) of the TFC polyamide membrane with different concentrations of NaCl and MgCl2 solutions as DS, respectively, under the AL-FS mode. Here, 200 g/L acrylamide solution was used as the feed solution.
Therefore, the MgCl2 would be an appropriate draw solute for the concentration experiment of acrylamide solution during the FO process. The high concentration of MgCl2 solutions from 4 M to 5 M would be appropriate DSs for providing high osmotic driving force for TFC membranes with a water flux higher than 5 LMH.
3.3 Effect of operation mode on FO performance
With 4 M MgCl2 DS, the performance of the TFC membrane in terms of water and salt permeabilities was investigated using different feed solutions. The result in Figure 4A shows that the water flux of the TFC membrane was obviously lower in the AL-FS than that in the AL-DS mode when using 50 g/L and 100 g/L acrylamide solution as FS. For example, with 50 g/L acrylamide FS, the water fluxes of the TFC membrane were 15.06 LMH in AL-FS and 18.37 LMH in AL-DS, respectively, which is characteristic because there is less ICP of the TFC polyamide membrane in AL-DS than that in AL-FS mode (Tiraferri et al., 2013; Liu et al., 2017). However, when the acrylamide feed concentration was increased to 200 g/L, the water flux of the TFC membrane under the AL-DS mode was 7.29 LMH, which is lower than 10.49 LMH under the AL-FS mode. This is because of the severe ICP also occurring at the AL-DS operation mode when the support layer faced high concentration acrylamide solutions. In addition, with the increasing feed concentration from 50 g/L to 300 g/L, the corresponding SRSF of the TFC membrane increased slowly from 0.06 g/L to 1.16 g/L when operated under the AL-FS mode, but it increased rapidly from 0.50 g/L to 5.17 g/L when using the AL-DS as the operation mode, signifying considerably lesser and slower draw solute loss in the AL-FS mode than in the AL-DS mode (Figure 4B). This result suggests that AL-FS would be an appropriate operation orientation for the concentration experiment of acrylamide solution (Conc. >200 g/L) during the FO process.
[image: Figure 4]FIGURE 4 | Water flux, reverse salt flux (A), and SRSF (Js/Jw) (B) of the TFC polyamide membrane with different concentrations of acrylamide solutions as feed solution, respectively, under AL-FS and AL-DS modes. Here, 4 M MgCl2 solution was used as draw.
3.4 Impact of acrylamide feed concentration and MgCl2 draw concentration on FO performance
The impact of the concentration of acrylamide feed solution was investigated on the membrane performance, and 4 M and 5 M MgCl2 solutions were chosen as DS when operating the FO process in the AL-FS mode. Figure 5 shows the decrease of Jw and the increase of both Js and the Js/Jw with increasing concentration of acrylamide FS using 4 M and 5 M MgCl2 DS. For example, with 4 M MgCl2 DS, Jw decreased rapidly from 10.49 LMH to 4.43 LMH, and Js simultaneously increased from 4.00 gMH to 18.77 gMH with increasing acrylamide feed concentration from 200 to 600 g/L (Figure 5A). The same trend of Jw and Js also occurred when 5 M MgCl2 was used as a DS (Figure 5B), such as the decreasing Jw from 11.05 LMH to 4.68 LMH and the increasing Js from 13.07 gMH to 33.97 gMH, with the concentration of acrylamide FS increasing from 200 to 600 g/L. This was because the OP of the FS dramatically increased from 71.49 bar to 187.28 bar with the increasing acrylamide FS from 200 to 600 g/L, and the resulting driving force of the OP difference between feed and draw solutions significantly decreased from 342.32 bar to 226.53 bar at the initial operation. Moreover, the high salt permeability at the high osmotic FS may be related to a weakened Donnan potential in the negatively charged polyamide surfaces (Bartels et al., 2005).
[image: Figure 5]FIGURE 5 | When using different concentrations of acrylamide solutions as FS, water flux (Jw), reverse salt flux (Js) (A,B), and SRSF (Js/Jw) (C) under the AL-FS mode with 4 M and 5 M MgCl2 DS, respectively.
The SRSF (Js/Jw) value presents an increasing trend with the increasing acrylamide FS and MgCl2 DS (Figure 5C). For example, the SRSF (Js/Jw) value obviously increased from 0.38 g/L to 4.24 g/L with the increasing acrylamide concentration from 200 to 600 g/L when employing 4 M MgCl2 DS. In addition, with the same acrylamide FS, the SRSF (Js/Jw) value was higher employing a 5 M MgCl2 than that employing 4 M MgCl2 as DS. These results illustrate that both the loss of draw solutes and the ICP of the AL-FS operation were aggravated with the increasing concentration of feed and draw solutions. This is due to the decreased diffusion rate of salt solutes and increased salt passage in the TFC membrane with the increasing concentrations of DS and FS (Bartels et al., 2005; Song et al., 2011).
All of these results demonstrate that the concentrations of both FS and DS significantly affect the water flux and reverse salt flux and thus impact the long-term FO operation efficiency and the quality of the concentrated acrylamide product.
3.5 Long-term performance of the TFC membrane during the concentration of acrylamide solution
In order to more highly concentrate the acrylamide FS, the long-term FO process was operated and the long-term performance of FO membrane was investigated. Both 4 M and 5 M MgCl2 draw solution were used to concentrate the acrylamide solution from 200 g/L to 400 g/L; the final accumulated salt concentration in the acrylamide solution and the operation time were measured as two important parameters to evaluate the FO performance during the concentration of acrylamide solution. Figure 6 shows that the water flux of the FO membrane decreased rapidly in the initial stage and then slowly when the acrylamide solution was concentrated gradually from 200 g/L to 400 g/L. Moreover, the membrane water flux was higher when using 5 M MgCl2 DS than when using 4 M MgCl2 solution, while the flux difference between using 5 M and 4 M MgCl2 DSs became smaller with the increasing acrylamide solution during the concentration process. This is because of the greater dilution for higher concentration of DS when drawing the same amount of water, thus inducing the fast flux decline. In addition, higher concentrations of Mg2+ ions may also increase the scale on the membrane surface, possibly aggravating membrane fouling and causing a decrease in flux (Sun et al., 2016; Almoalimi and Liu, 2022). Importantly, it took 32.42 h to concentrate acrylamide solution from 200 g/L to 400 g/L with 5 M MgCl2 DS, which is much shorter than 48.79 h with 4 M MgCl2 DS (Figure 6). The accumulated salt in the acrylamide solution was 1.77 g/L when using 5 M MgCl2 solution as the DS, which is slightly higher than that of 1.74 g/L when using 4 M MgCl2 solution as the DS. Therefore, considering the FO process efficiency and the quality of concentrated product, 5 M MgCl2 is a better selection as the DS.
[image: Figure 6]FIGURE 6 | Water flux of the TFC polyamide membrane (left) and operation time (right) during the concentration of acrylamide solution from 200 g/L to 400 g/L and the accumulative salt content (bottom) in the final 400 g/L acrylamide solution when using 200 g/L acrylamide solution as an initial FS and different concentrations of MgCl2 as DS. The TFC polyamide membrane was operated in the AL-FS mode.
3.6 Concentration of acrylamide solution when operating the FO process in stages
In order to improve the FO efficiency for the concentration of acrylamide solution, a multi-stage operation system was introduced to compensate for the dilution of DS and thus maintain the high flux. Here, the solute of MgCl2 was supplemented in the DS to remain at 5 M at the end of each stage when the acrylamide concentration was increased by 100 g/L. The results shown in Figure 7 and Table 1 indicate that the concentration efficiency can be effectively improved via multi-stage operation. For example, at the end of Stage I, the declined water flux was 6.83 LMH. By updating the draw concentration to 5 M, the water flux at the beginning of Stage II was increased 18.56% to 8.89 LMH. Additionally, the increased percentages of water flux were 17.52% and 18.43% at the beginning of Stages III and IV, respectively, compared with the water fluxes at the end of Stages II and III. This improved performance was achieved by renewing the draw concentration, demonstrating the efficiency of multi-stage operation and highlighting its potential for real FO applications.
[image: Figure 7]FIGURE 7 | Water flux profile of the TFC polyamide membrane and accumulative salt content during the concentration of acrylamide solution from 200 g/L to 600 g/L when using 5 M MgCl2 as the DS. The TFC polyamide membrane was operated in the AL-FS mode.
TABLE 1 | Evaluation of FO performances in multi- and single-stage acrylamide (AAM) concentrations.
[image: Table 1]Moreover, the initial flux at each stage decreased gradually with the increase of the acrylamide concentration. For example, the initial water flux dropped significantly from 11.06 LMH (Stage I) to 6.07 LMH (Stage IV), while the initial concentration of acrylamide FS increased from 200 g/L (Stage I) to 500 g/L (Stage IV) and caused the decreased driving force of the FO process. Noticeably, the initial water fluxes at Stages II, III, and IV were very close to the membrane flux (Figure 5B) when operated at the same condition of the FO process but without the accumulative effect from the former stage. In addition, the flux decline percentage at each stage was also calculated to be 38.23% (Stage I), 37.29% (Stage II), 40.30% (Stage III), and 50.11% (Stage IV), respectively (Table 1). This observation further suggests that the flux decline accelerated at the later stage with the concentration increase of acrylamide FS because of the intensified ICP effect at the higher concentration of FS.
The accumulated salt in the final product was considered to be another critical factor for the concentration process of FO. As shown in Figure 7, the accumulated salt in the resultant acrylamide solution increased from 1.5 g/L to 3.7 g/L with an increase in the concentration factor from 1.5 to 3.0 when the acrylamide FS was concentrated from 300 g/L to 600 g/L. The concentration of MgCl2 in the final concentrated acrylamide solution (600 g/L) was only 3.7 g/L, less than the 0.62 wt% impurity in the product of acrylamide. Additionally, our results also suggest that the concentration of acrylamide solution can be further increased to be higher than 600 g/L since there was approximately 4.69 LMH of flux when 600 g/L acrylamide was used as FS (Figure 5B).
Furthermore, we summarized the FO performances of single- and multi-stage FO processes in Table 1. The results illustrate that the multi-stage process helped increase the average flux and save the concentration time compared with the single-stage FO process during the concentration of acrylamide FS from 200 g/L to 400 g/L. The flux increment and time-saving percentages were up to 14.61% and 13.91%, respectively, relative to the single-stage process. In addition, it took less time for the later stage to increase the acrylamide concentration by 100 g/L because of the decreasing volume of the FS. All results indicate that the multi-stage FO process would be preferred for the chemicals’ concentration because of high system efficiency, including high water flux and short operation time.
In comparison to the conventional multi-stage evaporation process (described in US patents US3887425A and US5922912A), the multi-stage FO process presents distinct advantages, including the elimination of high-temperature operations and enhanced concentration efficiency. According to these patents (Munch, 1975; Kambara et al., 1999), the conventional evaporation process typically requires operation at temperatures nearing 100 °C, accompanied by substantial energy consumption. In addition, high temperatures may cause acrylamide to polymerize to form insoluble polymers, reducing product quality. Furthermore, conventional evaporation methods typically achieve concentration limits of approximately 40–50 wt%. In contrast, our multi-stage FO process operates at a significantly lower temperature of 25 °C for the feed liquid, thereby reducing the demand for thermal energy during concentration. Moreover, our multi-stage FO process achieves higher concentrations (up to 600 g/L, equivalent to a mass concentration of 57.58%), surpassing the concentration thresholds necessary for various applications of acrylamide (Zheng et al., 2010).
4 CONCLUSION
Our work demonstrates that the multi-stage FO process provides an efficient way to concentrate high-osmotic acrylamide solution at room temperature. The high performance TFC polyamide membrane was used in the FO process to concentrate the acrylamide solution from 200 g/L to 600 g/L, and the AL-FS mode was demonstrated to be a more efficient operation orientation than AL-DS to concentrate a high concentration acrylamide solution (>200 g/L) during the FO process. A measure of 5 M divalent MgCl2 solution was used as an effective draw solute to provide high OP and suppress the ICP of the TFC membrane with a very low reverse salt flux. The results also illustrate that the multi-stage FO operation could dramatically improve the system efficiency for acrylamide concentration, and the draw concentration renewal at Stage II led to a water flux increase by 14.61% and to a 13.91% saving of concentration time. Moreover, the accumulated MgCl2 in the final 600 g/L acrylamide solution was below 3.7 g/L, less than 0.62 wt% impurity in the product of acrylamide. Our research demonstrates the great potential of the multi-stage FO process for concentrating high osmotic chemicals with high system efficiency. Further investigation of regenerating draw solution is needed to achieve a sustainable operation of the FO process for scale-up operation, and membrane distillation may provide a facile approach for keeping a constant concentration of the draw solution and maintaining a stable water flux of the FO process. The integrated FO-MD system effectively harnesses the inherent strengths of both processes, enabling the production of highly concentrated acrylamide along with high-purity purified water while also achieving energy savings.
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