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Forward osmosis (FO) is a membrane-based separation technology that relies on the natural phenomenon of osmosis, in
which water spontaneously moves across a semi-permeable membrane from a solution with lower osmotic pressure to a
solution with higher osmotic pressure. In FO, this driving force is created by placing a feed solution, such as industrial
wastewater, in contact with a highly concentrated draw solution, enabling water transport without the application of
external hydraulic pressure. The semi-permeable membrane selectively allows the passage of water while retaining
dissolved salts and other solutes, making FO a particularly attractive process for desalination and water recovery
applications (Figure 1). The absence of applied pressure differentiates FO from conventional membrane technologies and
underpins many of its potential advantages.

The operating principle of FO offers several inherent benefits compared to pressure-driven membrane processes such as
reverse osmosis or nanofiltration. The lack of high transmembrane pressure reduces mechanical stress on the membrane
material, which can contribute to extended membrane lifetime and lower susceptibility to severe or irreversible fouling.
In addition, the lower compaction of the membrane structure and the reduced fouling propensity may lead to more stable
long-term operation when treating challenging feed waters. As a result, FO has attracted increasing interest for the
treatment of industrial wastewaters with high salinity, variable composition or elevated fouling potential, where
conventional desalination technologies often face technical and economic constraints. Recent studies highlight FO as a
promising option for industrial wastewater desalting and water recovery, particularly when integrated into circular water
management strategies aimed at reducing freshwater consumption and minimising effluent discharge (Abounahia et al.,
2023; Adrianov et al., 2023).

Despite its advantages, the practical implementation of FO is influenced by several key factors, including membrane
properties, draw solution characteristics and overall process configuration. The selection of an appropriate draw solution
is critical, as it determines the osmotic driving force and directly affects water flux and process efficiency. At the same
time, the progressive dilution of the draw solution during operation necessitates the development of efficient regeneration
strategies to enable continuous operation and ensure the overall sustainability of the process. For these reasons, pilot-
scale experimentation under realistic conditions is essential to evaluate FO performance beyond laboratory bench-scale
tests and to generate reliable data for future scale-up and industrial deployment.

This work presents the experimental evaluation of a forward osmosis pilot plant at laboratory scale, corresponding to a
Technology Readiness Level of TRL 5, designed to assess the performance of the process under controlled yet industrially
relevant conditions. The main objective of the study was to analyse the operational stability and desalination capacity of
FO when applied to representative industrial wastewater streams, generating robust technical knowledge to support future
scale-up and demonstration activities. The pilot plant was conceived with a modular and flexible configuration, enabling
continuous operation and controlled variation of key process parameters, such as the composition and concentration of
the draw solution and the hydraulic regime. This design approach allows the systematic evaluation of FO performance
and facilitates the identification of operational boundaries relevant for subsequent development stages.

Experimental campaigns were carried out using feed waters representative of industrial effluents, characterised by high
conductivity and significant salt content, in order to realistically reproduce potential application scenarios. During
operation, key variables such as water flux across the membrane, conductivity evolution in both feed and draw solutions,
and overall process stability were systematically monitored over extended operating periods. These data allowed the
assessment of FO performance trends, the identification of steady operating regimes, and the evaluation of process
robustness under continuous operation. The experimental approach adopted in this study is consistent with recent
literature, which emphasises the importance of pilot-scale testing to bridge the gap between laboratory-scale membrane
characterisation and industrial implementation of FO systems (Reddy et al., 2024).

The results obtained at laboratory pilot scale demonstrate that forward osmosis can achieve stable and reproducible water
fluxes under controlled conditions, even when treating complex industrial matrices. Increasing draw solution
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concentration resulted in an enhanced osmotic driving force and higher water transfer rates, although the system tended
to reach stable operating regimes over time. Overall, the FO process showed robust behaviour without abrupt performance
losses or operational instabilities, confirming its suitability for industrial wastewater desalination and concentration
applications. These findings are in good agreement with recent studies reported in the literature, which indicate that FO
can maintain stable operation at pilot scale when appropriate draw solutions and operating strategies are selected
(Abounahia et al., 2023; Reddy et al., 2024).

Regarding membrane fouling, the experimental results indicate that, at laboratory pilot scale, FO exhibits a lower tendency
toward irreversible fouling compared to pressure-driven membrane processes. This characteristic contributes to improved
operational stability and a reduced need for intensive chemical cleaning procedures, which is particularly relevant for
industrial applications involving complex effluents. Nevertheless, gradual accumulation of material on the membrane
surface was observed during extended operation periods, highlighting the importance of defining suitable operating and
maintenance strategies even at early stages of technological development. Similar conclusions have been reported in
recent reviews and experimental studies, which underline that fouling control and draw solution management remain key
challenges for the long-term application of FO in industrial environments (Reddy et al., 2024).

From an applied perspective, the results obtained at TRL 5 provide a solid basis for advancing forward osmosis toward
higher technology readiness levels. The ability of FO to concentrate industrial effluents and recover water of suitable
quality for internal reuse supports its potential role in zero-liquid-discharge schemes and closed-loop water management
strategies. In this context, the medium-term objective is to integrate forward osmosis with complementary technologies
for draw solution regeneration, such as capacitive deionisation, in order to further enhance overall process efficiency and
move toward fully closed industrial water cycles.

In conclusion, the laboratory-scale pilot experimentation demonstrates the technical feasibility and operational stability
of forward osmosis for the desalination and concentration of industrial wastewaters at TRL 5. The knowledge generated
in this study provides valuable input for process optimisation, system design and future scale-up, while also identifying
key challenges to be addressed in subsequent development phases. These results contribute to the growing body of
evidence supporting forward osmosis as a viable and sustainable technology for advanced industrial water treatment and
resource recovery.
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Figure 1. Forward Osmosis process
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