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EXECUTIVE SUMMARY:  
The agriculture sector is the largest freshwater consumer in the US, accounting for up to 70% of 
available freshwater withdrawals [1]. However, water shortage has been exacerbated and 
become a critical problem in many regions in the US where more frequent and intense droughts 
are expected. Given that water shortages in agriculture can have far-reaching effects on food 
security, livelihoods, and other socioeconomic aspects, more and more regions see irrigation 
using reclaimed water as an opportunity to secure and enhance agricultural production [2]. 
Despite the benefits of water reuse, problems concerning the release of wastewater-borne 
antibiotics, antibiotic resistant bacteria and their determinant genes into the environment and 
food crops irrigated with treated wastewater are starting to gain attention. For these reasons, 
agricultural irrigation should face more stringent quality requirements in order to minimize such 
risks. 
 
Forward osmosis (FO) is a natural process by which clean water passes from dirty feed water 
towards a salt ‘draw’ solution (DS) with higher osmotic pressure when the two solutions are 
separated by a semipermeable membrane. It demonstrates unparalleled advantages of low 
energy consumption, superb solute retention and potentially low fouling tendency. The concept 
of fertilizer drawn FO (FDFO) in which commercial fertilizer is used to draw clean water from 
impaired water sources has received great interests because water recovered through an FO 
system is of exceptionally high quality and the resulting diluted fertilizer DS can be applied 
directly for fertigation [3]. However, FDFO did not address the challenges of phosphorus 
resources depletion and nutrients pollution. Wastewater, as a major source of nutrient pollution, 
also presents a significant untapped opportunity for the recycling of essential nutrients. Capture 
and reuse of the nutrients from wastewater not only mitigates pollution but also provides an 
increasingly scarce commodity for global food production. Thus a feasible technology to 
recover/extract nutrient species from waste streams and use the nutrient-rich product as DS is 
critical for the widespread adoption of environmentally sustainable FO process. The ideal 
nutrient recovery technology would have the combined characteristics of (1) high recovery 
efficiency of nutrients, (2) low energy and chemical consumption. 
 
Electrodialysis (ED) is a proven water treatment technology to remove ionic species from water. 
It is flexible, tolerant to inorganic scaling and organic fouling and thus requires less pre-



treatment, resulting in cost savings in both capital and O&M [4]. In ED, an electric potential is 
applied through a solution to drive ions across ion-selective membranes, producing a 
concentrated ion-rich concentrate and an ion-stripped diluate. We hypothesize that ED can be 
an ideal process to recover charged nutrient species from wastewater and thus produce liquid 
nutrient-concentrate as DS for FO.  
 
In this project, we propose to develop, test and study a novel ED-FO process for direct fertigation 
of edible food crops through concurrent recovery of nutrients and clean water from agro-food 
liquid wastes. First, an ED system will be deployed to extract charged nutrient species from liquid 
waste. The resulting nutrient-rich concentrate will be used in the downstream FO process to draw 
clean water from the remaining nutrients free stream. The final product consisting clean water 
and nutrients can be applied at the grower site for direct fertigation. On the other side of the FO 
membrane, the wastewater volume can be an order of magnitude smaller than that of the 
original raw water, which can result in significantly reduced footprint and capital costs for the 
subsequent treatment steps. Such a unique integration of ED and FO is highly attractive in terms 
of resource recovery, protecting aquatic environment and human health, reduced footprint and 
energy cost. The proposed technology has the potential to improve agriculture sustainability by 
turning waste products into assets while reducing environmental impacts. 
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OBJECTIVES: 
1. ED performance evaluation and optimization. Well-controlled bench scale ED 
experiments will be conducted to test the performance of commercial ion exchange membranes. 
This will establish a baseline for selecting suitable membranes and operating conditions for 
optimal efficiency of nutrients recovery. The goals are to (a) understand the mechanism of 
nutrient ions transport; (b) investigate the key parameters of complex water composition that 
impact ED performance; and (c) understand the long-term ED performance.  
2. FO membrane performance evaluation, optimization and fouling control. We propose to 
draw clean water through FO membrane by using the nutrients brine recovered from ED process. 
By using the high retention FO membrane, organic and microbial contaminants can be almost 
completely retained by membrane. The resulting product water with nutrients will be safe for 
direct fertigation of edible food crops. However, biofouling on the osmotic membrane surface is 
a potential problem, which can reduce process efficiency and membrane life. The long-term 



reliability and operability of the proposed system will be investigated. Fouling control strategies 
will be developed. 
 
PROCEDURES:  
Well controlled bench-scale ED experiments will be conducted to understand the effect of water 
composition, evaluate different types of ion exchange membranes (IEMs) and optimize operating 
conditions. The ED system consists of an ED cell with 10 pairs of ion exchange membrane (active 
membrane area: 64 cm2 per membrane), external electrolyte containers and double jacketed 
glass cylinders which allow the experiments to be operated at a constant temperature over a 
long period of time. Voltages, current and current density, pH, conductivity, pressure will be 
monitored continuously throughout the testing. The permeability of ions through cation 
exchange and anion exchange membranes will be measured by taking samples from each stream 
(feed, concentrate, and diluate) at certain time intervals.  Ion chromatography (IC), inductively 
coupled plasma optical emission spectroscopy (ICP-OES), inductively coupled plasma mass 
spectroscopy (ICP-MS) and total organic carbon (TOC) will be used to characterize the inorganic 
and organic composition in water samples. All experiments will be performed in a continuous 
flow mode. The ED performance will be evaluated based on (1) recovery efficiency, (2) recovery 
rate, and (3) energy consumption. 
 
Bench scale FO experiments will be carried out to optimize the fertilizer formula in order to 
simultaneously achieve the optimal recovery rate and favorable nutrient supply for fertigation. 
The effect of membrane type, feed/draw solution concentration and composition, temperature 
and applied back pressure (for the case of PAFO operation) on the FO performance (water flux, 
water recovery, retention of emerging contaminants, reverse diffusion of draw solutes and final 
nutrient concentration in DS) will be investigated. Commercial FO membranes from Fluid 
Technology Solutions, Inc. (FTS) and Porifera, Inc. are selected for testing. Membrane zeta 
potentials will be determined in a background solution containing 10 mM NaCl using 
electrokinetic analyzer (SurPASS, Anton Paar, Austria). Membrane hydrophobicity will be 
characterized by sessile drop contact angle measurements with deionized water, using an 
automated contact angle goniometer (OCA 20, Dataphysics Instruments GmbH, Germany). 
 
SIGNIFICANT ACCOMPLISHMENTS TO DATE: 
ED system was set up (Figure 1).  We have 
performed a series of ED experiments with 
different applied voltage to 
recover/concentrate (NH4)2HPO4. The 
optimum applied voltage is 20 V, resulting 
in an efficient energy expenditure with 
current efficiency of 93.8% (Figure 2). The 
preliminary ED test was conducted in a 
semi-batch mode. Each batch was started 

Figure 1. Photo of bench scale ED membrane 
system.  



with 2 L of 0.1 M (NH4)2HPO4 in the diluate 
compartment and 0.5 L of 0.01 M K2SO4 in the 
concentrate compartment; and interrupted when 
diluate concentration drop to 0.01 M (or below). 
Then diluate stream was replaced by fresh 0.1 M 
(NH4)2HPO4 and the ED process was continued to 
the next batch. A total of 8 batches (B1 to B8) were 
operated. Figure 3 illustrates the concentration of 
𝑁𝐻4

+ in diluate stream and concentrate stream as a 
function of time. After 8 batch of operation, 
nutrients concentration in the concentrate stream 
was 8.5 times higher than it was in the initial diluate 
stream. Meanwhile, NH4

+ concentration in the diluate 
stream decreased significantly in each batch of ED 
treatment. There is a huge osmotic pressure 
difference between the concentrate stream and 
diluate stream, making them ideal draw solution and 
feed solution, respectively, in the following FO 
treatment. The corresponding nutrient recovery was 
85.6%. We expect both concentration factor and 
recovery efficiency can be further enhanced by 
optimizing the flowrate and extending the operating 
time.  
 
In our preliminary study with HTS and Porifera 

membranes, we used deionized water as feedwater 

and two fertilizers (NH4)2HPO4 and (NH4)2SO4 as draw 

solution to evaluate permeate water flux. This 

created a baseline to evaluate the above proposed 

FO performance with complicated feedwater 

because the presence of organics and 

microorganisms in water may change the intrinsic 

separation properties and structure of FO 

membrane. The higher water fluxes observed for 

Porifera membrane (Figure 4) confirm that this 

membrane is more permeable compared to the HTS 

membrane (Table 1) and has a better support layer 

structure. In addition to water flux performance, the 

composition of final FO product water (diluted draw 

solution) will be analyzed by IC, ICP-OES and ICP-MS, 
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Figure 2. Current efficiency as a function of 
applied voltage.  
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Figure 3. Concentration of NH4
+ in the 

diluate and concentrate streams as a 
function of time.  
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Figure 4. Permeate water flux with 
(NH4)2HPO4 and (NH4)2SO4 as draw 
solution, deionized water as feed water.   



and compared with irrigation water standards to evaluate the feasibility of its use for direct 

fertigation.  

Table 1. Membrane performance parameters and surface characteristics  

 
  
ADDITIONAL FUNDING RECEIVED DURING PROJECT TERM: none  
 
FUTURE FUNDING POSSIBILITIES: The data generated using ARF fund were used in proposal 
applications for USDA NIFA Foundational Grants program in 2021. The proposal was not 
successful and will be re-submitted in 2022 after revision according to reviewers’ comments.  
 

Membrane Water permeability Solute permeability Structure parameter Zeta Potential at pH 7 Contact Angle

A (m/s Pa) BNaCl  (m/s) S (um) ẟ (mV) (◦)

FTS 1.5 x 10-12 9.1 x 10-8 546 -35 65

Porifera 5.6 x 10
-12

1.5 x 10
-6

222 -39 56


