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Mining phosphorus from anaerobically treated dairy manure by forward osmosis
membrane

Abstract

We investigated the effect of draw solution type on the forward osmosis (FO) performance for enriching
nutrients from anaerobically treated dairy manure (ATDM) followed by chemical precipitation for
phosphorus recovery as struvite crystal. The FO membrane significantly rejected COD (>97%) and
phosphate (>98%) whereas there was only 70%-73% and 73%-76% rejection of ammonia-nitrogen and
total nitrogen, respectively. The draw solution type had little impact on the retention of the
aforementioned wastewater constituents by the FO membrane. At 60% water recovery, a water flux
decline of 82%-96% was observed due to increasing contaminant concentration in the concentrated feed
solution. Water flux decline was less for MgClI2 than EDTA-2Na and NaCl as draw solutes. On the contrary,
the reverse solute flux was higher for NaCl than MgCI2, which in turn was higher than EDTA-2Na. Pre-
concentration of ATDM by FO facilitated struvite precipitation. MgCI2 as the draw solute provided a higher
purity of struvite than EDTA-2Na and NaCl. This is because when MgCI2 was used as the draw solute, the
reverse salt flux of magnesium to the concentrated ATDM provided favourable conditions for struvite
crystal formation. This study demonstrates the technical feasibility of phosphorus recovery from ATDM
using the FO process.
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Abstract

We investigated the effect of draw solution type on the forward osmosis (FO) performance
for enriching nutrients from anaerobically treated dairy manure (ATDM) followed by
chemical precipitation for phosphorus recovery as struvite crystal. The FO membrane
significantly rejected COD (>97%) and phosphate (>98%) whereas there was only 70%-73%
and 73%-76% rejection of ammonia-nitrogen and total nitrogen, respectively. The draw
solution type had little impact on the retention of the aforementioned wastewater constituents
by the FO membrane. At 60% water recovery, a water flux decline of 82%-96% was
observed due to increasing contaminant concentration in the concentrated feed solution.
Water flux decline was less for MgCl, than EDTA-2Na and NaCl as draw solutes. On the
contrary, the reverse solute flux was higher for NaCl than MgCl,, which in turn was higher
than EDTA-2Na. Pre-concentration of ATDM by FO facilitated struvite precipitation. MgCl,
as the draw solute provided a higher purity of struvite than EDTA-2Na and NaCl. This is
because when MgCI;, was used as the draw solute, the reverse salt flux of magnesium to the
concentrated ATDM provided favourable conditions for struvite crystal formation. This study
demonstrates the technical feasibility of phosphorus recovery from ATDM using the FO

process.

Keywords: Anaerobically treated dairy manure, draw solution, forward osmosis,

contaminants rejection, struvite recovery

1. Introduction
Management of dairy manure represents one of the significant challenges for the

development of the livestock industry due to the production of large volumes of wastewater
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characterised by high organic and nutrient contents [1]. Discharge of the nutrients i.e.,
nitrogen and phosphorous into the aquatic environment is undesirable as they are the key
sources of eutrophication in the water environment. On the other hand, both phosphorus and
nitrogen are necessary for agricultural production [2]. Dairy manure has a high nutrient
content with typical phosphorus concentration varying from 50 mg/L to 350 mg/L [3, 4].
Hence the concept of recovering phosphorus from dairy manure is a ‘renewable’ alternative
for delivering sustainable phosphorus supplies as well as complying with the increasingly

stringent effluent discharge regulations.

Phosphorus has usually been recovered as struvite crystal (MgNH4PO4-6H,0) via chemical
precipitation [5, 6] from different sources such as wastewater [7], anaerobically digested
sludge [8-10], and urine [11]. Recently, Oliveira et al. [12] investigated phosphorous
extraction from dairy manure. Notably, a pre-treatment is required to solubilise the
phosphorus content in dairy manure in order to implement the struvite precipitation process.
This is because 65-70% of the phosphorus in dairy manure occurs in particulate form [13,
14]. To solubilise the particulates, dairy manure can mainly be anaerobically pre-treated
before struvite recovery [15]. Irrespective of the pre-treatment, magnesium ion needs to be

added to the solution to induce precipitation of phosphorous in the form of struvite.

Recent studies have investigated the forward osmosis (FO) process for the pre-concentration
of wastewater for nutrient recovery [16]. It is an osmotically-driven process in which water
passes from a solution of lower osmotic pressure into a solution of higher osmotic pressure
[17]. The solution of higher osmotic pressure is known as the draw solution. The FO process
has a number of benefits such as high contaminant rejection and lower fouling tendency

compared to conventional pressure-driven membrane processes [18-20]. While producing
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clean water, this process can concentrate phosphate, magnesium and ammonium in the feed
side to enable struvite recovery [21]. A few studies have investigated the FO process for
phosphorus recovery from municipal wastewater [22, 23], urine [24] and digested sludge
centrate [21, 25]. However, no study has explored the application of FO for enriching

phosphorus concentration for struvite recovery from dairy manure.

Reverse solute flux is a critical phenomenon in the FO process. lons with various diffusivities
in feedwater can influence the charge characteristics of the FO membranes because of
adsorption and electrostatic interactions, resulting in different extent of reverse solute flux
I.e., passage of draw solute back into the feed side. Studies have investigated the impact of
draw solute type on reverse solute flux during wastewater treatment by FO. Inorganic salts
are commonly used as draw solutes as they are inexpensive, can create high osmotic pressure,
and pose less likelihood of inducing significant internal concentration polarisation (ICP) due
to their rapid diffusion and small solute size. However, these characteristics typically provide
a high reverse solute flux [26]. It is noteworthy that most of the previous studies have used
only one type of draw solute for the nutrient recovery. For example, Zhang et al. [24] and
Xue et al. [22] used seawater brine as a draw solution for mining nutrient from municipal
wastewater and urine, respectively. Xie et al. [21] used magnesium chloride as a draw
solution for struvite recovery from anaerobically digested sludge centrate. Hence, the
potential impacts of reverse solute flux on clean water flux and struvite recovery from dairy

manure while using different draw solutes remain to be elucidated.

The purpose of this research was to investigate the application of the FO system for
recovering phosphorus from anaerobically treated dairy manure effluent by integrating the

process with a chemical precipitation technique. The effect of three different commonly used
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draw solutions, on FO performance was evaluated in terms of water flux, bulk organics

removal and phosphate mineral recovery as struvite crystal.

2. Materials and Methods

2.1. Collection of feed solution

The dairy wastewater was collected from a commercial dairy farm in Gerringong,
Wollongong, Australia. At that site, the dairy wastewater is treated by anaerobic and then
aerobic ponds. Then the biologically treated effluent is released to the sewer network for
further treatment at the municipal wastewater treatment plant. In this study, initially three
different samples, namely, raw dairy wastewater, anaerobic pond effluent and aerobic pond
effluent, were investigated. Finally, anaerobic pond effluent was used for struvite recovery,
and the reason for this choice is discussed in Section 2.2. All wastewater samples were stored
at 4 °C. Before all tests, wastewater samples were filtered through a 100 um membrane and

brought to laboratory temperature (22+2 °C).

2.2. Characteristics of the dairy manure

Data on the chemical composition of the raw dairy manure, and the anaerobic and aerobic
pond effluent streams are summarised in Table 1. The concentrations of the monitored
parameters in the investigated dairy manure were comparable to that in previous studies [27,
28]. Effluent from both ponds exhibited substantially reduced concentration of COD with a
COD removal efficiency of 62% and 75% after anaerobic and aerobic treatment, respectively.
The pre-treated wastewater had a higher pH than the raw wastewater. There was no removal

of inorganic contents by either pond.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/effluent
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Overall about 50% removal of NH3-N was achieved. This can be attributed to biological
nitrification, assimilation and/or NHs-N loss due to the increased pH and the uncovered
surface of the pond, promoting ammonia volatilisation [29]. Biological nitrification is
unlikely in aerobic pond; however, NH3-N removed by gaseous ammonia stripping or its
assimilation in algal biomass can occur in anaerobic pond. Orthophosphate can be released
from solids into dissolved form during anaerobic treatment of the dairy manure. This
counterbalanced the loss of some phosphate molecules through mineralisation, thus resulting
in a consistent total concentration of PO, after anaerobic pre-treatment. On the other hand,
PO, concentration was markedly lower in the aerobic pond. Hence, a pragmatic solution to

reclaiming the phosphorus is to recover it from anaerobically treated dairy manure.

Table 1

2.3. Experimental protocol of the FO system

A lab-scale cross-flow filtration set-up with a flat sheet FO membrane (active filtration
surface area of 50 cm®) was used. A schematic diagram of the lab-scale FO system is
presented in Supplementary information (Figure S1). Flat sheet thin film composite (TFC)
membranes were purchased from Porifera Inc, Court Hayward, USA. This membrane is made
of polyamide on polysulfone support [30]. Key properties of the TFC membrane are shown in
Supplementary Information (Table S1). The FO membrane cell comprised two identical
blocks (feed side and draw solution side) made of acrylic plastic. Channels of effective
dimensions of 36 mm width, 167 mm length and 1.4 mm height were engraved on both sides

for the feed and draw solutions.

The FO experiments were commenced with an initial feed volume of 1.5 L, and filtration was

continued until a 60% water recovery was achieved. The initial draw solution volume was 1


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ammonia
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/volatilization
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L. The solutions were recirculated at 1 L/min by two gear pumps (Micropump, Washington,
USA) regulated by rotameters. Three draw solutes, namely, sodium chloride (NaCl),
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) and magnesium chloride (MgCl,)
were compared in this study. Analytical grade chemicals were dissolved in DI water to
achieve a concentration equivalent to an osmotic pressure of 90 bar. The draw solution tank
was placed on a digital balance (Mettler-Toledo Inc., Hightstown, USA) to monitor the
weight increment of the permeate from the feed tank to determine the water permeate flux.
The draw solution gets diluted as clean water permeates through the membrane. A small
amount from a concentrated draw solution (5 M) was added to the draw solution tank to keep
a constant osmotic pressure. A conductivity probe (Cole-Parmer, Illinois, USA) was
submerged into the draw solution. This probe was linked to the concentrated draw solution-
dosing peristaltic pump to control the concentration of draw solution. The orientation of the
FO membrane for all tests was ‘FO mode’ i.e., active layer facing the feed solution. A 20 mL
sample was taken from the concentrated feedwater at 15%, 30%, 45% and 60% water
recovery for subsequent analysis. The reverse draw solute flux of each solute was calculated

by recording the conductivity changes in the feed solution (DI water) over time.

2.4. Phosphorus recovery protocol

The concentrated feed remaining after operating the FO system for a clean water recovery of
60% was filtered (0.45 um). 1 M NaOH was added to the concentrated sample to increase the
pH to 9.5 in order to form struvite crystals. A pH of 9.5 was selected as it could facilitate the
deprotonation of ammonium [5], resulting in improvemennt of the production of struvite. The
concentrated solution was mixed at laboratory temperature (22 +1 °C) for 30 min by a

magnetic stirrer at 400 rpm. After stirring, the solution was allowed to settle for 24 hrs. The


http://www.connectchemicals.com/en/products-finder/ethylenediaminetetraacetic-acid-disodium-salt-edta-2na-139-33-3-163/?from=application-detergent
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obtained crystals were washed with Milli-Q water and then dried in a desiccator at laboratory

temperature before further analysis.

2.5. Analytical techniques

Chemical oxygen demand (COD), total nitrogen (TN), phosphate (PO4*), ammonia-nitrogen
(NH3-N) and nitrate (NO3) were analysed using a Hach DR3900 spectrophotometer.
Electrical conductivity and pH were determined by an Orion 4-Star Plus pH/conductivity
meter (Thermo Scientific, MA). Total suspended solid (TSS) concentration was determined

following the Standard Methods for the Examination of Water and Wastewater.

The concentration of calcium (Ca?*), magnesium (Mg®") and sodium (Na*) was analysed by
inductively coupled plasma-optical emission spectroscopy (ICP-OES 710, Agilent,
Australia). Before analysis, each sample was diluted using 5% nitric acid (Suprapur, Sigma-

Aldrich, Australia).

The recovered crystals were characterised using scanning electron microscopy integrated
with energy dispersive spectroscopy (SEM-EDS) (JSM-6490, Tokyo, Japan). The purity of
the crystals was determined using X-ray diffraction (XRD) spectra (GBC MMA, Hampshire,
IL). The chemical composition of the recovered product was also analysed by dissolving 1 g

of recovered sample in 100 mL of 5% HNOj3 using ICP-OES and spectrophotometer.

3. Results and Discussion
3.1. Impact of draw solutes on permeate water flux and reverse salt flux
The normalised flux versus water recovery for different draw solution is shown in Figure 1a.

At 60% water recovery, a water flux decline of 82%-96% was observed due to increased


https://www.sigmaaldrich.com/catalog/product/mm/100441?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/mm/100441?lang=en&region=US
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organic loading. There was a significantly lower flux decline for MgCl, than EDTA-2Na as
draw solution. For NaCl, flux decline was most prominent (Figure 1a). The difference in
water flux at the same osmotic pressure was likely due to the different levels of ICP induced
by each draw solute [17, 31]. It has been reported that ICP is influenced by the kinetic

characteristics of the draw solute, such as diffusivity and molecular size [17].

A baseline test was performed using DI water to assess the extent of pure water flux and
reverse solute flux. As shown in Figure 1b, MgCl, provided a pure water flux of 21.12 L/m? h
along with a low reverse salt flux of 7.72 g/m? h. NaCl produced a pure water flux of 19.92
L/m? h which was almost similar to that for EDTA-2Na (18.72 L/m?h). However, the reverse
solute flux was significantly higher for NaCl (16.62 g/m? h) than EDTA-2Na (3.69 g/m? h).
Our data confirms more rapid back diffusion of Na" than EDTA through the membrane
(Figure 1a). This may be attributed to the larger size and higher negative charge of EDTA

[32].

The level of salt accumulation was inversely proportional to the extent of reverse solute flux
selectivity (RSFS) due to the effects of ICP. Both MgCl, and EDTA-2Na showed a higher
RSFS than NaCl as draw solute (Figure 1b) while showing lower back diffusion of bulk
solute through the membrane. Both MgCl, and NaCl contain chloride ion, but MgCl,
exhibited higher RSFS i.e., lower reverse solute flux because of the larger electron-proton
attraction for Mg?* [33].

Figure 1

3.2. Change in conductivity, pH and magnesium concentration
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With progressive water recovery, salt accumulated in the concentrated feed solution,
increasing the solution conductivity (Figure 2a). This affected the clean water flux adversely.
The conductivity-increase was observed to vary with the draw solution used. With NaCl, the
conductivity of the concentrated feedwater markedly increased as the recovery of water
increased, whereas MgCl, and EDTA-2Na showed a noticeably lower conductivity-increase,
indicating an effective mitigation of the accumulation of salinity level in the concentrated

feedwater.

The pH of the wastewater gradually increased for all three draw solutions due to the diffusion
of proton from the feed solution to the draw solution (Figure 2b). Diffusion of proton occurs
to maintain electroneutrality of the solution due to reverse solute flux [34, 35]. For EDTA-
2Na, the pH of the feed solution increased at a slower rate than that of the other two solutes.

This can be attributed to the markedly lower reverse solute flux in case of EDTA-2Na.

The FO membrane also retained Mg?* in the feed solution (Figure 2c). As expected, when
MgCl, was used as the draw solution, a significantly higher Mg?* level in the feedwater as
compared to EDTA-2Na and NaCl was detected. This was due to feed volume reduction and

diffusion of Mg”* from the draw to feed solution.

Figure 2

3.3. Enhancement and rejection of contaminants under different draw solutions
The concentration of NHs-N and PO,>, which are two critical constituents of struvite,
enriched proportionally in the feedwater with the water recovery of the FO system. The FO

process could concentrate nutrients and COD up to nearly 2.5-fold (Figure 3a-e). A different

10
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result was reported by Ansari, Hai, Price and Nghiem [25] who found that the enhancement
of PO,> reduced with the water recovery due to the removal of PO,>. This was possibly
because of the higher level of feedwater pH (8.03) compared to the current study (feedwater
pH 6.92), resulting in calcium phosphate precipitation during the filtration process. At 60%
water recovery, both MgCl, and EDTA-2Na, compared to NaCl, exhibited slightly greater

concentration of the nutrients and COD in the ATDM.

The FO membrane could reject 97%-99% of COD in the feed solution. The rejection of
nitrogenous compounds was variable. There was 70%-73% rejection of NH3;-N. The low
rejection of NH3-N was due to the bidirectional diffusion of cations through the TFC
membrane [36]. NH3-N readily diffuses through the TFC membrane from the feed to the
draw solution. This is likely due to its high electrostatic attraction to the negatively charged
polyamide surface [36]. Increased pH of the ATDM after FO-concentration also increased the
equilibrium ratio of NHs/NH,;" (ammonium) pair, and thus influenced the low NHs-N
rejection by the TFC membrane [37]. A high rejection of NO3™ (78%-84%) was obtained,;
however, this high rejection did not affect the FO performance for TN rejection (73%-76%).
This is because the concentration of NO3  was small in the FO feed solution. It is noted that
the draw solution type had little impact on the retention of the aforementioned contaminants

by the FO membrane.

There was more than 98% of PO, rejection at 60% water recovery by the FO membrane for
all draw solutions. A similarly high rejection efficiency of PO,> was reported by Wang,
Zheng, Tang, Wang and Wu [38] for municipal wastewater and by Zhang, She, Chang, Tang
and Webster [24] for urine. Both steric hindrance and electrostatic repulsion play a role here

[22]. Notably, the difference in rejection of PO,> and NHs-N by FO was due to the effect of

11
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hydrated radius of these ions [39]. According to Kiriukhin and Collins [40], compared to
NH,*, PO,* has a larger hydrated radius (0.339 nm vs. 0.104 nm) and a smaller diffusion
coefficient ( 0.44x10° m?/s vs 1.96x10™ m?/s), which can explain the greater rejection of
PO,* by the FO membrane (Figure 3).

Figure 3

3.4. Phosphorus recovery as struvite using chemical precipitation

The increased pH and the enrichment of PO,*, NHs-N and Mg” in the feed solution
following FO operation provide favourable conditions for struvite precipitation by improving
the precipitation kinetics. The precipitated solids were analysed to identify the crystal
structure, morphology and element composition. The SEM image revealed that the
precipitated crystals were of a typical orthorhombic structure (Figure 4a), which is similar to
the pure struvite crystal standard. EDS analysis of the recovered solids confirmed that the
materials contain P and Mg which are also the major elements of struvite crystal. EDS did not
detect nitrogen as it is a ‘light’ element i.e., possesses low atomic number. The peak intensity
of P and Mg in the EDS spectrum was higher for the MgCl, draw solution than the EDTA-
2Na or NaCl draw solutions. However, as shown by the EDS spectra of two sites on the

crystal, the elements were homogenously distributed (Figure 4b).

Figure 4

The peak intensity of the elements for the MgCl, draw solution was closer to that of the
struvite standard compared to the EDTA-2Na and NaCl draw solutions (Figure 5a). When
MgCl, was used as the draw solution in the FO process, the reverse Mg diffusion

substantially enhanced the Mg?* level in the feed water, thereby augmenting the Mg?* level

12
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for struvite formation. For MgCl,, XRD analysis of the precipitated crystals showed several
peaks between 20° and 40° (2-theta degree) with well-detected intensities. Chemical analysis
using ICP-OES and colorimetric measurements of the recovered struvite dissolved in nitric
acid showed that the recovered product composition was 7%-9% phosphorus, 3%-5%
nitrogen, and 5%-11% magnesium (Figure 5b). This shows that the components are present
in a comparable ratio as in the pure struvite (12.6% phosphate, 5.7% nitrogen, and 9.9%
magnesium).

Figure 5

3.5. Implications

Resource recovery from dairy manure presents a potentially renewable source of nutrients.
Approximately 15%-20% of the world’s phosphorus demand could be achieved by
recovering phosphorus from wastewater streams [41]. The concept of using FO membranes
to concentrate the wastewater to facilitate struvite recovery from dairy manure can be utilised
for phosphate fertiliser production. According to our study, compared to NaCl and EDTA-
2Na, MgCl, could achieve a better water flux and concentrated feed solution with lower
salinity but without losing the available PO,*, NH3-N and Mg**. Since a high water flux
along with low reverse solute flux is a major requirement for the FO technology for reducing
replenishment costs and salinity build-up, MgCl, can be recommended for phosphorus
recovery from ATDM. However, the comparably higher cost of the magnesium salts [42]
may be a potential barrier for the scale-up of this process. A comprehensive cost comparison

would be helpful, but that is beyond the scope of this study.

In the FO process, water drawn from the feed side goes to a highly saline draw solution.

Since FO itself does not produce fresh water, the management of the diluted draw solution is

13
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a challenge for the widespread application of the FO process. Hence, a subsequent water
recovery and draw solution regeneration process needs to be used. A study note that draw
solution recovery using chemical precipitation may be less attractive on large-scale because it
not only requires additional chemicals but may also generate more by-products [43].
However, a large number of studies have reported that freshwater can be effectively produced
from the diluted draw solution by combining a nanofiltration (NF) [44], or reverse osmosis
(RO) [45], or membrane distillation (MD) [21] system with the FO process. These processes
could produce clean water and generate re-concentrated draw solution which can be used as a
fresh draw solution for FO operation. Studies also noted that the energy consumption of 1 m®
fresh water produced by RO is still up to 1.5-2.5 kWh, which is 5~10 times lower than that of
thermal distillation [46]. Yangali et al. [47] used low-pressure RO for draw solution recovery
and they noted that this hybrid FO-RO system could save 50% of energy consumption (~1.5
kWh/m?®) compared with stand-alone RO system (2.5~4 kWh/m®). Unlike RO or NF, MD can
use thermal energy directly. The potential of using waste-heat or solar thermal energy makes
MD specially attractive. Since MD can achieve complete rejection of nonvolatile solutes [48,
49], it is an effective process for the recovery of fresh water and re-concentration of draw
solution [50, 51]. Some studies have already demonstrated the effectiveness of MD when

combined with FO for draw solution regeneration [52, 53].

4. Conclusions

The present study compared the performance of three draw solutions to concentrate
phosphorous from anaerobically treated dairy manure (ATDM) via FO process and
subsequently recover it as struvite crystals. The FO membrane was able to effectively reject
PO,> and Mg?* and contribute to their enrichment in ATDM. The FO system obtained a

PO,> concentration factor of 2.5 at a water recovery rate of 60%. Both MgCl, and EDTA-

14
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2Na as draw solutes were more efficient than NaCl in reducing the level of salinity build-up
in the concentrated ATDM. This was attributed to their lower reverse solute fluxes. MgCl,
enhanced the pre-concentration of dairy manure for struvite precipitation more effectively
than the other draw solutes. This is because the elevated pH and higher Mg®* concentrations
achieved in case of MgCl, enabled bi-directional transport of protons from the dairy manure
and thus enhanced the struvite precipitation kinetics. Notably, supersaturation of various
chemical species close to the membrane surface may lead to their precipitation onto the
membrane surface, causing membrane fouling. It is recommended that the future studies
address this issue, but this is beyond the scope of the current study. Moreover, the
applicability of these processes needs to be systematically evaluated at pilot- and full-scales

along with an economic evaluation.
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Figure

List of Figure Captions

Figure 1: (a) Impact of draw solutes on normalized flux during filtration of ATDM, (b)
average water flux and reverse solute flux of MgCl,, NaCl, and EDTA-2Na draw solution at
90 bar osmotic pressure where feed solution was DI water. RSFS denotes the volume of
permeate water per gram of solute that has diffused from the draw solution to the feed

solution.

Figure 2: Variation of feedwater (a) conductivity, (b) pH and (c) Mg®* concentration during
anaerobically treated dairy manure pre-concentration for NaCl, MgCl,, and EDTA-2Na draw

solution (values indicate average + standard deviation of duplicate samples).

Figure 3: Variation of concentration and rejection of (a) COD, (b) NH3-N, (c) NOs’, (d) TN,
and (e) PO,> during pre-concentration of anaerobically treated dairy manure at different

water recovery (values indicate average * standard deviation of duplicate samples).

Figure 4: (a) Image produced by scanning electron microscopy, (b) energy dispersive X-ray

spectrometry spectra of the recovered solids for different draw solutions

Figure 5: (a) Purity of struvite crystal analysis for different draw solutions using XRD
analysis, and (b) elementary composition of recovered crystals analysis using ICP-OES for
Mg** and Hach spectrophotometer for PO,> and NHs-N (data points are average values of

duplicate samples).
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Table S1: Properties of the TFC membrane (Zheng et al., 2018)

Properties Value
Pore radius (nm) 0.37+£0.04
Water permeability coefficient (L/m?h.bar) 3.2+0.22
Salt (NaCl) permeability coefficient (L/m?h) 0.41+0.01
Membrane structure parameter (mm) 0.46 £ 0.05
Zeta potential (mV) -16.2
Contact angle (active layer) (°) 495134

Zheng, L., Price, W.E., Nghiem, L.D. 2018. Effects of fouling on separation performance by
forward osmosis: the role of specific organic foulants. Environmental Science and Pollution

Research, 1-12.
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Table

Table 1: Characteristics of the dairy manure before and after treatments (values indicate

average * standard deviation of duplicate samples)

Parameter Raw wastewater ~ Anaerobic pond effluent  Aerobic pond effluent
COD (mg/L) 1240 + 88 475+ 24 306 + 18
NHs-N (mg/L) 176 + 12 128 + 11 88+6
NO3 (mg/L) 26+3 18+ 2 16 + 4

TN (mg/L) 212 + 24 154 + 18 116 + 16
PO,> (mg/L) 112 +8 109 + 8 78+6

pH 6.76 £ 0.02 6.92 +0.02 7.18 £0.03
TSS (mg/L) 2476 + 312 516 + 128 346 + 96
EC (mS/cm) 4.58 +0.24 4.36 +0.12 412 +0.16
DO (mg/L) 2.32+0.12 - 1.04 +0.10
Mg (mg/L) 62 +3 82+3 74 +3
Ca®* (mg/L) 56 + 3 68 + 4 62+5

Na* (mg/L) 152 + 10 146 + 6 158 + 12




	Mining phosphorus from anaerobically treated dairy manure by forward osmosis membrane
	Recommended Citation

	Mining phosphorus from anaerobically treated dairy manure by forward osmosis membrane
	Abstract
	Disciplines
	Publication Details

	tmp.1566425168.pdf.E1oz5

