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HIGHLIGHTS GRAPHICAL ABSTRACT

® Biochar from Rosmarinus officinalis
leaves (BRM) was employed in this
study.

® Adsorptive mixed matrix membrane
(PVC-BRM) was fabricated by in-
corporating BRM.

® BRM and PVC-BRM membranes ex-
hibited high phosphate removal effi-
ciencies.

® The PVC-BRM membrane showed
higher reusability than BRM ad-
sorbent.

® BRM exhibits excellent separation of
phosphate from different wastewaters.

ARTICLE INFO ABSTRACT

Keywords: A novel biochar from Rosmarinus officinalis leaves (BRM) was employed for phosphate removal and recovery
Biochar and compared with ZnO as a reference. Further, an adsorptive mixed matrix membrane suitable for practical
Phosphate adsorption applications in industry was fabricated by incorporating BRM particles in a polymeric matrix (PVC-

Membrane separation

R BRM). The adsorption capacity of the BRM was tested by isotherm and kinetic experiments, and the adsorption
ecovery

properties of the membranes were evaluated by filtration experiments in a cross-flow system. Both BRM and
PVC-BRM were characterized by analyzing their morphology and composition. The maximum adsorption ca-
pacity of BRM was 78.24 mg/g, and the adsorption of phosphate was endothermic and obeyed the Langmuir and
Freundlich isotherms, indicating that multiple mechanisms are involved in the adsorption. BRM and PVC-BRM
exhibited high removal efficiencies toward phosphate in a wide range of single and multi-component solutions.
In a multi-component system, phosphate displayed preferential adsorption for BRM; in PVC-BRM, however,
phosphate selectivity decreased. The adsorption of phosphate was pH-dependent and was enhanced in acidic
conditions. The adsorption capacity increased with higher initial phosphate concentration for BRM and PVC-
BRM, although removal efficiency decreased. Desorption efficiency was low in both BRM and PVC-BRM;

* Corresponding author.
E-mail address: Rubaba.Mohammadi@]lut.fi (R. Mohammadi).

https://doi.org/10.1016/j.cej.2020.126494

Received 17 June 2020; Received in revised form 26 July 2020; Accepted 28 July 2020

Available online 02 August 2020

1385-8947/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.126494
https://doi.org/10.1016/j.cej.2020.126494
mailto:Rubaba.Mohammadi@lut.fi
https://doi.org/10.1016/j.cej.2020.126494
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.126494&domain=pdf

R. Mohammadi, et al.

Chemical Engineering Journal 407 (2021) 126494

however, 75% regeneration was achieved by NaOH in BRM. The membrane showed higher reusability than
BRM. Adsorption mechanism studies revealed that the removal of phosphate was associated with ion exchange,
electrostatic interaction, hydrogen bonding, ligand exchange, and precipitation with metal oxides and hydro-
xides. Besides, BRM exhibits excellent selective separation of phosphate from different wastewaters and agri-
culture runoff as secondary resources.

1. Introduction

Phosphorous (P) is a limiting nutrient in freshwater systems that
even at low concentrations of 0.01 to 0.1 mg/ L P can cause excess algae
growth and eutrophication, which damage water resources and harm
aquatic flora and fauna, and human well-being [1,2,3,4,5,6]. Waste-
water treatment plants (WWTPs), industrial activities, and agricultural
runoff are common sources of P discharge to water bodies. On the other
hand, while phosphorus is detrimental to aquatic environments, it is a
critical nutrient for agricultural products. Furthermore, it is a limited
resource, and phosphate fertilizers are currently produced naturally
extracted from non-renewable phosphate rocks located in only a few
places in the world. These resources could be depleted in the next
50-100 years, consequently have an adverse effect on long-term food
security and agricultural production [7,8]. Phosphate extraction and
removal from secondary sources can improve resource security, reduce
the exploitation of natural phosphorus, mitigate eutrophication in
water bodies, and address other related environmental issues [9,10].

Various techniques have been applied for phosphate removal from
water and wastewater, for example, biological treatment [11,12],
chemical precipitation [13,14,15], ion exchange and adsorption
[2,16,17]. Although the different methods are able to remove phos-
phate, each technique has some drawbacks. Biological treatment is a
highly efficient method, but it is costly and sensitive to many external
factors [2,18]. Chemical precipitation is currently the most common
process since it is cost-effective; nevertheless, it produces vast quan-
tities of sludge, which causes secondary pollution, and pH control in
this process is challenging [2,19,20,21]. The use of traditional ion ex-
changers suffers from limited efficiency, due to the low concentration of
phosphate ions present in municipal wastewater effluents compared to
other anions [22]. Adsorption, however, can be considered a preferred
technique on account of its simple operation, design flexibility, and lack
of sludge production [16,18,23]. To date, many types of adsorbents
from various component have been evaluated for the removal of
phosphate from aqueous solutions, such as layered double hydroxide
[24], nanoparticles [25,26,27]], lanthanum [28,29,30], ferric oxide
[31], zirconium oxide [32,33] and zero-valent iron [34]. However,
many of these adsorbents have either insufficient phosphate adsorption
capacity, complicated and expensive synthesis and manufacturing
processes, or harmful environmental effects due to the production of
toxic, acidic or alkaline waste in the adsorbent manufacturing process
[35,36].

A number of studies have shown that biochars formed from the
pyrolysis of organic materials adsorb various ions, including phosphates
(PO4*>-P) [37,38,39,40]. However, unmodified biochars have been re-
ported as having insufficient P adsorption capacity and presented that
additional chemicals are needed for modification [41,42,43].

A novel and promising highly selective phosphate adsorbent is
biochar from Rosmarinus officinalis leaves (BRM), whose use for the
recovery of P has not previously been reported in the literature.
Rosmarinus officinalis (RM) is an abundant material that is widely
found and easily grown. Additionally, the preparation method for BRM
is simple and does not require the use of additional chemicals that make
it applicable in many environments, from small wastewater treatment
plants in remote areas to large industrial operations. Furthermore,
biochar is a bio-based, cheap, and non-toxic adsorbent that can be used
as slow-release fertilizer in the soil.

Many adsorbents, however, are of small size, which means that

additional treatment processes are required to separate fine adsorbent
particles from wastewater to prevent clogging in pipes or pumps of
treatment plants [44]. One promising technology is the mixed matrix
membrane (MMM), which comprises inorganic fillers dispersed in a
polymer matrix. The combined effects of the polymeric matrix and solid
particles [45] facilitate the utilization of dispersed adsorbents and en-
hance the mechanical properties of the polymers [46]. Moreover, MMM
can be used as a single treatment procedure without needing to separate
adsorbents. Recently there has been an increased interest and research
works in functionalized and preparing mix matrix membranes
[47,48,49,50,51,52,53]; however, there is limited research work on
selective phosphate membrane.

Therefore, the aim of this study was initially to apply BRM as a
phosphate selective adsorbent or selector to separate and recover
phosphate from the solution. In the next step, a porous embedded
polyvinyl chloride (PVC) mixed matrix membrane with BRM was de-
veloped and tested as a practical approach for BRM application in the
water treatment industry. The study additionally investigates P uptake
by BRM from different wastewaters and agricultural runoff to address
the challenges of removing P at the low concentrations (0.1-20 mg/L
P0O,*) found in many wastewaters. Zinc oxide (ZnO) nanoparticles have
been reported as an effective adsorbent for phosphate removal in the
research literature [54,55,56], and ZnO is thus used as a comparative
adsorbent for the batch adsorption and filtration experiments in this
work.

Analytical techniques are used to characterize the adsorbents and
membranes before and after phosphate treatment, and the possible
removal mechanism is discussed. The performance of the adsorbents
and MMMs in phosphate removal is evaluated using isotherm and ki-
netic models, and the effect of pH, competing anions, initial phosphate
concentration and adsorbent loading on the membrane are assessed. In
further study, desorption and regeneration of P as adsorbent and
membrane and the risk of heavy metal leaching from the biochar were
evaluated to consider their potential reuse as fertilizer or for other
purposes.

2. Experimental
2.1. Materials

RM was purchased from a local shop in Finland and pyrolyzed at
500 °C for 2h in a muffle furnace under limited oxygen conditions. The
char produced was allowed to cool to room temperature and ground to
a fine powder by tube mill (IKA Tube Mill Control) and sieved with a
150 um mesh. N-methyl-2-pyrrolidone (NMP) was used as the solvent,
and polyvinyl chloride (PVC) (average Mw ~ 80,000) was used as the
polymer. ZnO < 100 nm (Mw 81.39) and all chemicals used were of
analytical grade, purchased from Sigma Aldrich, and were used without
further purification.

2.2. Characterization and analysis

The crystalline structure of the prepared BRM and ZnO before and
after phosphate adsorption were identified by X-ray diffraction (X-Ray
Diffractometer, Empyrean Series 2 (PANalytical, 2014) with Cu Ka
radiation. Additionally, Fourier transform infrared spectroscopy (FTIR,
Bruker Vertex 70 spectrometer) was used to analyze the functional
groups of sorbents and their changes after adsorption. The chemical
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composition and chemical bonding of the samples were analyzed using
a Thermo Fisher Scientific ESCALAB 250Xi XPS System. The surface
morphology and elemental composition of the adsorbents and mem-
branes were analyzed using scanning electron microscopy and energy-
dispersive X-ray spectroscopy (SEM-EDS) (Hitachi S-4800). The surface
area and porosity of sorbents were determined by
Brunauer-Emmett-Teller (BET) method using the nitrogen ad-
sorption-desorption isotherm at 600 °C degassing temperature
(Micromeritics Tristar II Plus analyzer). Phosphate and other anion
concentrations in the aqueous samples and wastewater were de-
termined by ion chromatography (IC SI-50 4E: column size: 4 mm
ID250 mm, flow rate: 0.7 mL min-1, detector: suppressed CD). Cations
concentrations in the aqueous samples were detected by ion chroma-
tography (IC YS-50: column size: 4.6 mm ID 125 mm, flow rate: 1 mL/
min). Heavy metal traces were determined by ICP-OES analysis (Agilent
ICP-OES 5110). The zeta potentials of the BRM were measured in a
Zetasizer (Malvern ZEN3500 Zetasizer Nano ZS) with MilliQ water as
the carrier fluid. Water content, porosity, and pore size of the mem-
branes were calculated as described in Text S1 in supplementary data.

2.3. Membrane preparation

For the membrane preparation, both BRM and ZnO hybrid mem-
branes were prepared. Firstly, a casting solution of 20 wt% PVC was
prepared by mixing polymer in NMP and stirring for 48h.
Subsequently, different amounts of BRM and ZnO were dispersed into
the polymeric solutions, and stirring continued to obtain a homo-
geneous casting solution. 1h sonication and 30 min degassing were
used to obtain well-dispersed solution and to remove air bubbles. Using
a film applicator, the prepared solutions were cast onto clean glass
plates with a thickness of 150 um. The glass plates were immersed in
distilled water for 24h to remove the solvent and were then dried at
room temperature.

2.4. Adsorption experiments

For the different phosphate adsorption experiments, a stock solution
of 10mM was prepared and then diluted to produce solutions with
various phosphate concentrations. For the isothermal adsorption ex-
periments, 125 mg of adsorbents were added into 100 mL PO4> solu-
tions in a conical flask, followed by stirring. The solutions were mixed
for 1 hr at a rotation speed of 200 rpm and temperature of T = 25, 35,
45°C using an orbital shaker (KS IKA 4000). The experiments were
carried out in triplicate, and BRM from each sample were combined for
the desorption experiments. Kinetics studies were carried out similarly
with different initial concentrations of 40, 80, 160 mg/L PO,*> at
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different contact times (0-75 min). The effect of pH on phosphate ad-
sorption was analyzed with initial pHs of 3, 5, 7 and 9 using a 1 M HCL
and 1 M NaOH solution. To study the effect of competitive anions on
adsorption, 125mg of adsorbents were introduced into 100 mL of
mixed solution with an equal concentration of 1 mM of SO,*, NO5~, CI,
and PO,* anions.

The residual PO,> and other ion concentrations in the samples were
analyzed using ion chromatography (Shimadzu IC). The value of PO,>
adsorbed (qe, mg/g) per unit weight of adsorbent and the removal ef-
ficiency (E) of the adsorbents were calculated using Eqs. (1) and (2),
respectively:

_[Co.C
qe"[ m ]V ©)
and:
E(%) = [ﬁ] X 100
Co (2)

where C, and C, are the primary (mg/L) and final concentrations
(mg/L) of PO,* in the solution, respectively, V is the volume (L) of the
PO43‘ solution, and m is the mass (g) of dry adsorbents [57,58,59]. The
partition coefficient (PC) was calculated as follows:

TG 3)

where C, is the final concentrations of PO,> in the solution base on
uM [58].

2.5. Filtration experiments

A cross-flow ultrafiltration setup containing a rectangular mem-
brane module with an effective dimension of 40x80 mm was used to
perform phosphate removal and to measure the separation capacity of
the membranes. An overview of the UF system is shown in Fig. S1 in
supplementary data. Water flux and removal assessment were per-
formed at a fixed pressure of 1 bar and permeate flow rate of 1-2 mL/
min. Prior to the experiments, membranes were soaked in diluted
ethanol and DI water for 15 min, respectively, then compacted in the
system by filtering DI water for 1h. 1 L of feed solution containing
PO,> or multi-component solution was used for the filtration tests. The
removal efficiency (E) of the membrane were calculated by means of
Egs. (5), where C, is the final concentrations of PO,% in the permeate
solution.

&
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Fig. 1. Surface images of adsorbents, (a) BRM (b) ZnO.
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2.6. Adsorbent and membrane regeneration

The phosphate loaded BRM was collected and then dried in an oven.
Then the dried BRM regenerated by NaCl and NaOH solutions agitating
for 20 min. The regenerated biochar was filtrated through quantitative
filter paper and washed with DI water several times until the pH neutral
and then dried for reusing in the cycle of adsorption-desorption. The
recovery solutions were then collected and filtered for the detection of
phosphate released from the regenerated BRM. Furthermore, the used
membranes were regenerated by filtration of 1 M NaCl for 20 min and
then washed thoroughly by 20 min DI water filtration.

3. Results and discussion
3.1. Characterization and morphology of adsorbents and membrane

SEM: Fig. 1 displays SEM images of ball-milled BRM and ZnO. The
corresponding EDS analysis is shown in Figs. 3 and 4, respectively.
Based on the SEM images shown in Fig. 1, BRM appears to have a
heterogeneous surface morphology with varying particle sizes that
seem to be bigger than ZnO particles. The ZnO particles display sheet-
like morphologies, and the particles are of different sizes.

Fig. 2 shows SEM images of the top surface and cross-section of
prepared membranes with different loading of adsorbents in the casting
solution. As can be observed from the cross-section, all membranes
have the “finger-like” type structure supported by a thick sub-layer that
is characteristic of membranes prepared by Non-solvent Induced Phase
Inversion (NIPS) method. The morphology of the membrane is influ-
enced by kinetics and thermodynamics of the polymer/solvent/non-
solvent system [60,61]. These finger-like pores gradually decreased
with increasing adsorbents loading and purging, especially in 15 wt%
ZnO (Fig. 3. f2), after which an almost entirely sponge-like structure
can be observed. Higher adsorbents dispersal increases the viscosity of
the casting solution, which might be a reason for the sublayer
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morphology changes, and greater dispersal may also reduce the re-
placement rate between NMP and water during the phase inversion
process [44,61,62]. The membrane surfaces had porous micro-
structures, and adsorbent particles were observed along the mem-
branes, indicating that the particles were evenly dispersed on the
membranes even at high adsorbents loading. In Fig. 2, it can be seen
that as the adsorbent loading on the membranes increases, more ad-
sorbents are found on the surface. Furthermore, the size of the BRM
particles is bigger than that of the ZnO nanoparticles, which is in
agreement with BET results and Fig. 1.

EDS: The EDS spectrum indicates that the main components in BRM
are C, O, N, Ca?*, K*, and Mg>", respectively (Fig. 3), which is in
approximate agreement with biochar components in other studies
[63,64,65]. The content of C, H, and N in BRM in the elemental analysis
were 24.32%, 0.87%, and 1.31%, respectively, which differs slightly
from the EDS ratio. The EDS of the ZnO nanoparticle (Fig. 4) has ele-
ment peaks of the Zn and O signals at an approximate atomic ratio of
58.39:20.3, which is consistent with the stoichiometry of ZnO. The
anatomic percentage of approximately 37.43% carbon in the EDS
analysis and 24.32% carbon in the elemental analysis confirmed that
carbon structures dominated the composition of the biochar. The
second and the third most dominant elements in BRM are O and N with
an atomic percentage of 29.56% and 15.95% in the EDS analysis, which
might be due to the presence of amine groups; the elemental analysis,
however, showed 1.32% nitrogen in the BRM composition. The higher
amount of N and possibly amine group in this study was not observed in
other biochar studies [38,40,43,66] that might be the reason for the
higher phosphate adsorption rate with our unmodified BRM. Ca®* is
the other dominant metal element in the BRM; Ca?* has also been
observed in other biochar studies [64,65]. Metal elements such as
Ca®",Mg®*, and K* found in biochars originate from the ash [67], that
these metals are positively associated with the phosphate uptake ca-
pacity of biochars [65,66]. The higher amount of metals observed in
our BRM would be the other reason for enhancing phosphate adsoption

200kV40 8mm x2 50k SEQULAD)

Fig. 2. Surface and cross-sectional of prepared membranes with various ratios of BRM and ZnO. nanoparticles, Subscript1: Surface, Subscript2: cross section (a) PVC-
BRM 5%, (b) PVC-BRM 10%, (c) PVC-BRM 15%, (d) PVC-ZnO 5%, (e) PVC-ZnO 10%,(f) PVC-ZnO 15%.
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Fig. 3. EDS composition of BRM and PVC-BRM membranes.

in our study in comparison to other modified phosphate selective bio-
chars[38,40,43]. The molar oxygen to carbon (0/C) and [(O + N)/C]
ratios are an indication of surface hydrophilicity and polarity, respec-
tively [67,68,69]. The molar O/C ratio of 0.79 and molar [(O + N)/C of
0.82 in our study show higher value in comparison with other literature
[69,70,71], indicate that the surface of BRM is hydrophilic and contains
many polar functional groups.

The presence of significant adsorbent elements in the EDS spectra of
the PVC-BRM membrane (Fig. 3) and PVC-ZnO membrane (Fig. 4) in-
dicates successful incorporation of adsorbents in the cast MMM. The
increase in the adsorbent elements percentage in EDS results corre-
sponds very well with the increase in purging of the incorporated ad-
sorbents in the membranes. For better understanding of the homo-
geneity of the nanoparticles inside the membrane, EDS maps were
taken for both membranes at 15% adsorbent loading, which are pre-
sented in Figs. S2 a and b in supplementary data. All EDs maps con-
firmed that the adsorbents inside the membranes were distributed
homogenously in PVC-BRM and PVC-ZnO 15%.

BET: Texture analysis of the unmodified RM, BRM, and ZnO was
performed, and the surface areas (BET) and total pore volumes (Vp) are
listed in Table 1. As shown in Table 1, the BET values of the unmodified
RM, BRM, and ZnO are 1.40, 8.83, and 13.20 m?/g, respectively, and
the pore values confirm that the samples are in good agreement with a
mesoporous structure. Although BRM has a small surface area, it has
high phosphate adsorption capacity, which indicates that the phosphate
sorption depends on adsorptive interaction with the adsorbed layer
more than the adsorbent surface area [72,73].

FTIR: The presence in the FTIR spectra for BRM and ZnO of all the
characteristic adsorption bands for phosphate ions demonstrates that
adsorption of phosphate ions successfully occurred (Fig. 5). FTIR

measurement for BRM (Fig. 5.a) indicated the presence of the following
groups: N-H or 12 vibrations of C—O (carboxylic group) (1417 cm ™Y,
C-N stretching (aliphatic amine) (1037 cm ™ ') and N-H wag (primary
and secondary amines) (710 em ™) [74,75]. A broad band at around
433-769 cm ! is assigned to the metal-oxygen bending vibration. v4
bending vibration of PO,* at 562 cm ™! and v3 stretching PO,>vibra-
tion in the 1000-1100cm ™! range were detected after treatment,
which confirms phosphate adsorption with metal oxide [76,77]. The
bands detected at 870 cm ! (v2 vibrations of C—O) are assigned to the
CO3%™ group of B-type carbonate apatite. However, this peak indicates
the presence of HPO, 2~ in the crystal lattice as well [76,78,79,80].
Additionally, the carbonate peaks observed at 1416 cm ™! are attributed
to the asymmetric stretching of C-O bonds, suggesting the presence of
the carboxylic group or likely the incorporation of carbonates into the
apatite during treatment [81]. Similar peaks of phosphate adsorption
were observed in ZnO nanopowder after phosphate removal (Fig . 5.b).
The weak broad peaks apparent around the 2600-3400 cm ™' region
might be attributable to O-H stretching and bending vibrations, which
would confirm the presence of “free” hydroxyl groups [82] or hydroxyl-
bound metal hydroxides. Further, since secondary amines (R,NH) have
only one N-H bond, the peak appears in a single weak band in the
3300-3000 cm ~! region. Tertiary amines (R3N) are not visible in this
region since they do not have an N-H bond [83].

XRD: The X-ray powder diffraction (XRD) patterns for the BRM and
ZnO both before and after phosphate adsorption are presented in Fig. 6.
The XRD spectra of the BRM showed several peaks (Fig. 6.a), including
peaks located at around 20 at 27°, which indicate the amorphous and
graphitic nature of the BRM [84] and are in agreement with the ele-
mental composition in the EDS results. Sharp peaks in the BRM pattern
indicate different inorganic components [85]. The peaks around 26 at
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Fig. 4. EDS composition of ZnO and PVC-ZnO membranes.

Table 1
Textural data of RM, BRM, and ZnO.

Sample BET (m?%/g) Vp(m®/g) r = Vp/BET (A)
RM 1.40 0.01 12.85
BRM 8.83 0.01 15.29
Zno 13.20 0.02 16.73

43°, 62° indicate the presence of MgO in the BRM [86]. Zhang et al.
[87] found similar peaks in their experiments with biochar of rice husk;
peaks around 26 at 27°, 29°, and 39° were ascribed to mineral crystals
such as SiO,, CaCO3, CaSO,; and Na,SiO4 in the biochar. The XRD
pattern of BRM after use changed slightly, which suggests successful
phosphate adsorption by chemisorption and somewhat physisorption
[88]. In contrast, the XRD pattern of ZnO did not change after treatment
(Fig. 8.b). As can be seen in Fig. 6.b, the diffraction peaks located at 26
at 31.6°, 34.2°, 36.08°, 47. 4°, 56.4°, 62. 7°, 66.3°, 67.9°, 69.02°,72.5°
and 76.9° correlate with diffraction planes (100), (002), (101), (102),
(110), (103), (200), (112), (201) and (202), which matches the
JCPDS Card No. 36-1451, demonstrating the wurtzite structure of the
ZnO [89]. A similar finding has also been reported in other research
[83,90,91,92,93,94,95]. No additional peaks confirm the chemical
purity, and the sharp narrow peaks indicate that both BRM and ZnO
were well crystallized.

XPS: The XPS results (Fig. 7) for elemental composition and valence
state are consistent with those of the XRD and the EDS analyses, which
confirm the successful sorption of phosphate on the membranes. A P 2p
peak with binding energy about 133.6 eV was observed for phosphate-
loaded in both PVC-BRM and PVC-ZnO (Fig. 7.a), which confirms the
successful adsorption of phosphate on the membranes [77]. However,

determination of phosphate and N-functional groups is not easy due to
the high bond energy of the carbon and CI" peaks and their repulsion,
thus resulting in some deviation [96]. In Fig. 7.b, C and O are de-
termined as the most common component of BRM, which is in agree-
ment with the EDS and FTIR results. However, some carbon peaks at-
tributed to the PVC structure have similar peaks in the XRD patterns of
both membranes [97]. Zn, O, and C peaks were detected as the most
common component of ZnO nanopowder (Fig. 7.c), which is in agree-
ment with EDS data (Fig. 4). Two fitting peaks situated at about 1045.5
and 1022.4 eV are attributed to Zn 2p,,, and Zn 2ps,,, respectively.
Similar Zn peaks were observed in [77,98,99,100]. The increase in the
intensity of the peaks confirms the successful adsorption of phosphate.
The emergence of all of the characteristic adsorption bands for phos-
phate ions within the FTIR, XPS and XRD spectra of BRM and ZnO in
either the adsorbent or membrane shows that successful adsorption of
phosphate ions occurred.

3.2. Adsorption experiments

3.2.1. Kinetic studies

A kinetic study was undertaken to determine the mechanism and
rate of the adsorption reaction [101]. Two kinetic models were applied
in analysis of the sorption data of phosphate onto adsorbents: a pseudo-
first-order model and a pseudo-second-order model (see Table S1 for
details) [77]. The linearized form of these models for BRM and ZnO as a
function of time is depicted in Figs. S3. a - d in supplementary data. The
kinetic parameters and coefficients are shown in Table 2. The highest
value of the correlation coefficients of the R? parameters revealed that
all kinetic results for phosphate exhibit a better fit with the pseudo-
second-order model, indicating that multiple mechanisms controlled
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Fig. 5. FTIR spectra of adsorbent before and after phosphate adsorption (a)
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the adsorption of phosphate on both the BRM and ZnO samples [42].
Furthermore, chemisorption is the dominant rate-controlling me-
chanism during mass transfer between the sorbate and sorbent
[102,103,104]. The theoretical values (g, cal) of adsorption capacities
are in good agreement with those of the experimental values (qe,exp)
(Table 2) obtained from the pseudo-second-order kinetic model for both
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Fig. 7. a. Phosphate peak in XPS of PVC-BRM and PVC-ZnO 15% after phos-
phate adsorption. b. XPS pattern of PVC-BRM 15% before and after phosphate
adsorption. c. XPS pattern of PVC-ZnO 15% before and after phosphate ad-
sorption.
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BRM and ZnO. The pseudo-second-order kinetics have been reported in
many studies [57,74,75,77,102,105,106,107,108,109,110,111]. It can
be seen from the graphs and table that BRM showed higher adsorption
capacity than ZnO in all of the PO, concentration solutions.

As seen in Fig. S3 and Table 2, the adsorption capacity increased
with increasing initial phosphate level, and both adsorbents exhibited
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Fig. 6. XRD pattern of adsorbents before and after phosphate adsorption (a) BRM (b) ZnO.
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high adsorption capacity toward phosphate under optimum conditions.
The data shows that when the initial phosphate concentration was
160 mg/L PO,*, the maximum adsorption capacity was 49.20 mg/g
and 26.47 mg/ g for BRM and ZnO, respectively. This increased ad-
sorption capacity may be because higher concentrations of phosphate
provide the driving force to improve mass transfer between the aqueous
and solid surface and better filling of adsorption sites [66,112]. These
data also demonstrate the potential applicability of BRM adsorption
from low to high levels of phosphate in wastewater. The kinetic curve
for the studied phosphate ion showed that the adsorption was initially
rapid for BRM adsorbent; more than 80% of phosphate removal oc-
curred within 5min in a solution of 40 mg/L PO,>, which makes the
adsorption economical in practice. At the initial adsorption stage, the
surface of all adsorbents contains many available active sites for
phosphate binding, and fast adsorption took place. However, the re-
moval efficiency decreased with increased initial phosphate con-
centration in both isotherm and kinetics experiments since fewer active
adsorption sites were available at higher initial PO,>-P concentrations
[66]. Maximum adsorption capacity increased over time until it
reached 32.64, 40.72 and 49.20 mg/g for 40, 80 and 160 mg/L PO,> in
45 min contact time in BRM (Fig. S3.b). The same trend was observed in
phosphate removal by ZnO nano-adsorbent in our study (Fig. S3.d) and
has also been seen in other studies [102,107].

3.2.2. Isotherm studies

The Langmuir, Freundlich and Temkin isotherm models were used
for modeling of phosphate adsorption. Fitting plots are shown in Fig. S4
in supplementary data. The calculated isotherm parameters and re-
spective R? values of the adsorption isotherm are presented in Table 3.
Phosphate adsorption by BRM is illustrated better by the Langmuir
model with R? values of 0.999 and smaller chi-square than by the other
models, which is in agreement with other studies
[66,111,113,114,115]. However, the Freundlich model interpreted the
adsorption process well at higher temperatures, suggesting that the

Table 2
Coefficients of sorption kinetics for BRM and ZnO.
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Table 3
Temkin, Freundlich and Langmuir isotherms constants for the adsorption of
phosphate onto BRM and ZnO.

Adsorbent  Isotherm model Isotherm parameters Temperature (K)
298 308 318
BRM Langmuir Qo 50.47 53.97 65.41
b 0.19 0.25 0.95
Ry, 0.06 0.05 0.01
R? 0.99 0.99 0.87
Freundlich ke 20.91 24.1 27.71
n 5.392 5.73 4.37
R? 0.99 0.98 0.96
Temkin Ay 7.37 12.14 24.29
b 333.62 338.43 282.29
R® 0.99 0.99 0.93
ZnO Langmuir Qo 35.95 37.73 38.76
b 0.01 0.02 0.05
R, 0.34 0.35 0.37
R? 0.99 0.99 0.99
Freundlich kg 2.58 5.59 11
n 2.11 2.99 4.3
R? 0.99 0.98 0.98
Temkin Ar 0.11 0.26 1.15
b 564.36 447.67 344.7
R® 0.99 0.98 0.98

adsorption is controlled by multiple processes [75,116]. Similarly, the
Langmuir isotherm was fitted better for ZnO with R? values of 0.99 and
lesser chi-square. The fitting of experimental data depends not only on
the adsorbent but also on the adsorbate. Further, adsorption capacity
values for an adsorbent depend on experimental conditions, such as pH,
adsorbate concentration, ionic strength, temperature, and coexisting
chemical species in the solution [117].

From Fig S4, it can be seen that removal efficiency and g, values
increase with increasing solution temperature for both BRM and ZnO,
indicating that the reaction is endothermic and is enhanced at higher
temperatures. With increasing temperature, the desired intermolecular
forces between the adsorbate and adsorbent are much stronger than
between the adsorbate and solvent [118]. As a result of the chemical
interaction, the reactivity of the surface sites and the rate of in-
traparticle diffusion of sorbate ions into the pores of the adsorbent in-
crease at higher temperatures [75,106,119]. The endothermic nature of
the phosphate adsorption has been reported also by other researchers
[39,118,120,121]. In addition to the Langmuir isotherm, the adsorption
process can be defined in terms of separation factor (RL)(Table S1). If
(RL = 0), then the process is irreversible. If (0 < RL < 1), then the
process is favorable. If (RL = 1), then the curve obtained is linear. If
(RL greater than 1), then the process is unfavorable [122]. According to
Table 3, the RL values in this study were between 0 and 1 for both
adsorbates, indicating that the adsorption process is favorable [107].

The values of n in the Freundlich isotherm are in the range of 2-10
and represent good adsorption, which is in agreement with the BRM
value of about n:5 [123]. Moreover, in the Temkin isotherm model
(Table 3), the b values are higher than 80 kJ/mol, indicating a chemical
adsorption process, and there is consequently strong ionic interaction
between the phosphate and adsorbent [75]. The adsorption capacity of

Adsorbent Initial concentration(mg/L) qe experimental (mg/g) First order Second order
qe kq R? qe ko R?
BRM 40 32.64 29.99 0.31 0.96 33.23 0.01 0.96
80 40.72 36.17 0.29 0.93 40.73 0.09 0.95
160 49.20 42.29 0.45 0.93 45.96 0.01 0.95
ZnO 40 10.49 9.81 0.52 0.98 10.31 0.10 0.99
80 17.12 14.92 0.28 0.92 16.63 0.02 0.97
160 26.47 23.64 0.24 0.94 26.46 0.01 0.97
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BRM and ZnO, as calculated by the Langmuir equation, is approxi-
mately 50.47 and 35.95mg/g in T:298 K (25 °C), respectively, which
suggests that the BRM has high phosphate adsorption capacity.

Here, we evaluated the adsorption performance of BRM in different
initial phosphate concentration and compared it with the performance
of other adsorbent materials reported in Table S2. As can bee seen the
high removal efficiency of 99.7% and adsorption uptake of 78.24 mg/g
in T:318K (45 °C) are comparable with other studies. However, com-
paring the adsorption capacities of adsorbents performed in different
experimental conditions could not represent correct perceptions[58].
Thus it is necessary to evaluate the effectiveness of different adsorbents
with a more practical index. Therefore, the partition coefficient (PC)
was used here as a practical indicator to determine the efficiency of
sorbents. The partition coefficient can be defined as the ratio of ad-
sorbate concentration on the adsorbent solid phase to the adsorbate
concentration in the liquid phase [59]. The PC value of 31.92 mg/g/uM
for BRM in 40 mg/L PO, is significantly comparable with other stu-
dies. Decreasing the PC with increasing the phosphate concentration
represents better removal efficiency in a lower concentration.

3.2.3. Effect of pH

The effect of solution pH on phosphate adsorption by the BRM
samples is shown in Fig. 8. The other main anions and cations were also
analyzed to investigate possible mechanisms. Several types of
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phosphorus (H3PO4, HoPO4 ™, HPO,% and PO,*) can be present in the
solution depending on the pH (see Fig. 8.a). It can be seen that the
optimal solution pH for BRM was 3.0, and the adsorption efficiency for
phosphate recovery decreased with an increase in solution pH. This
trend is in agreement with Li et al. [124], Xu et al. [125] and Bacelo
et al. [117] study, while in other studies increasing pH improved the
removal efficiency due to the formation of calcium phosphate [1,106].
The lower adsorption free energy of H,PO,™ at acidic pH in comparison
to HPO, at basic pH might be the reason for better adsorption at acidic
pH [126]. Moreover, the adsorbent surface is protonated and becomes
more positive by lowering the pH of the solution, thus significantly
absorbing more negatively charged phosphate anions [126,127,128].
Phosphate adsorption capacity decreased at high pH values because the
hydroxide ions dominated the phosphate species, and they compete for
the consumption of adsorption sites [106,128,129,130]. Also, higher
pH causes the adsorbent surface to carry more negative charges that
significantly repel the negatively charged ions in the solution [106]. We
found a remarkable agreement between the removal efficiency with the
Zeta potential for the different pH (Fig. 8.b). The reduction of the ne-
gative charge at acidic pH was observed in zeta potential measure-
ments, which confirmed the reduction of electrostatic repulsion be-
tween the BRM and the anion. The same trend has been reported by
[131,132,133,134]. Furthermore, alkaline conditions increase the de-
protonation degree of oxygen-containing functional groups, resulting in
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Fig. 8. Effect of pH on (a) phosphate components, (b) Zeta potential of BRM, (c) phosphate removal, and related metal releasing using feed concentration of 80 mg/L
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a decrease in zeta potential [131]. Moreover, the concentration of
dissolved K* and Mg?" decreased when the initial pH value increased
(Fig. 8.b), which causes inhibition of K* and MgPO, precipitation and
hence reduces P adsorption [1]. In this experiment, no heavy metal
leaching from BRM was observed at different pH, indicating that the
usage of biochar is safe from the environmental perspective.

3.3. Filtration experiments

3.3.1. Effect of different adsorbent loading on structural properties and
phosphate removal efficiency of the membranes

PVC-BRM and PVC-ZnO membranes were prepared with three dif-
ferent loading amounts of BRM and ZnO respectively . The composition
of the polymeric membrane solutions is shown in Table S3 in supple-
mentary data. The characterization test results of the fabricated MMMs
are presented in Table S4. The mean pore size of all the membranes
(calculation base on Eq. (3) in Text S1) are in the range of 20-30 nm,
which means that our membranes are MF-type membranes. As BRM and
ZnO nanoparticle loadings increased from 5 to 15 wt%, the average
pore size increased from 19.8 nm to 28.2nm for the PVC-BRM mem-
brane and from 20 to 30 nm for the PVC-ZnO membrane, respectively.
The pore size is possibly dependent on the viscosity of the polymer
solution, loading amount and characteristics of the adsorbent as a filler
[44,135]. Subsequently, the increase in adsorbents loading resulted in
an increase in membrane water flux, which may be attributed to dif-
ferent causes, for example, increased number of pores and higher sur-
face roughness [136] in addition to larger pores. Reduced contact angle
was observed with an increase in loading of the adsorbents, due to the
hydrophilic characteristic of BRM and ZnO, which is in agreement with
the EDS elemental composition results that the molar oxygen to carbon
(0/C) showed the hydrophilicity of BRM. The performance of the
MMMs as regards separation of phosphate ions was investigated at a
feed concentration of 80 mg/L in Fig. 9.a & b, respectively. It can be
seen that the membranes exhibited the highest removal efficiency for
phosphate ions for both the PVC-BRM MMM and PVC-ZnO MMM at
adsorbents loading of 15 wt%. This finding might be attributed to the
ions being able to transport through the membrane more easily, be-
cause greater adsorbents content could provide more channels for ion
transport, thus reducing ion transmembrane resistance [137]. The PVC-
BRM membranes showed higher phosphate removal efficiency than the
PVC-ZnO membranes at all adsorbent loadings: for example, PVC-BRM
membranes at 5%, 10% and 15% loading showed about 23.97%,
18.75% and 49.77% (Fig. 9.a) higher removal of phosphate compared
to the corresponding PVC-ZnO membranes respectively at 5 min contact
time(Fig. 9.b).

3.3.2. Effect of initial phosphate concentration

The effect of feed concentration on phosphate removal efficiency
was investigated using PVC-BRM-15% and PVC-ZnO-15% membranes
as these membranes had the highest removal efficiency. For this ex-
periment, feed solutions were prepared at concentrations of 40, 80 and
160 mg/L PO,*. Fig. 10.a & b display the removal efficiencies for the
phosphate ions versus time at different phosphate concentrations by
PVC-RM-15% and PVC-ZnO-15%, respectively.

As can be seen in Fig. 10.a, the removal efficiency at the beginning
of the experiments is high, as the membrane is fresh and contains nu-
merous active sites. The phosphate removal efficiency of the PVC-BRM-
15% MMM after 1 min of contact time was measured as about 100%,
99.7% and 99.7% at feed concentration of 40, 80 and 160 mg/L, re-
spectively. The values for the PVC-ZnO-15% MMM after 1 min of con-
tact time were about 59.6%, 54.2% and 22% for 40, 80 and 160 mg/L
PO4* concentration, respectively (Fig. 10.b). However, phosphate re-
moval efficiency decreased over time as it reached to 55%, 46% and
29% for PVC-BRM-15% MMM at feed concentration of 40, 80 and
160 mg/L and 30 min contact time, respectively. In comparison, this
value was 36%, 32% and 20% for PVC-ZnO-15% MMM, respectively, in
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the same condition. Thus, similar to the kinetic study in adsorption
experiments (subsection 3.2.1), lower feed concentration of phosphate
showed better removal efficiency, and increasing phosphate ion levels
lowered the removal efficiency in both the PVC-BRM and PVC-ZnO
membranes.

However, reducing the removal efficiency between 40 and 80 mg/L
PO,* was not significant as a higher phosphate concentration might
cause a higher concentration gradient that provides a strong driving
force to maintain the adsorption rate capacity [138]. Also, this phe-
nomenon showed that similarly to the BRM, the corresponding mem-
brane (PVC-BRM-15% MMM) also has a great performance for the re-
moval of phosphate in a wide range of pollutant concentrations.
Nevertheless, removal efficiency decreased significantly for 160 mg/L
PO,> due to faster saturation of reaction sites on the membrane
[66,139].

Furthermore, saturation time for the PVC-BRM membrane was
longer than for PVC-ZnO membrane, and even after 60 min, the PVC-
BRM membrane did not reach to saturation point. It can be concluded
that the removal process of PO,* ions using a PVC-BRM MMM possess
rapid kinetics compared to a PVC-ZnO MMM. We did not observe an-
ions leaching in the membranes in comparison to batch adsorption
study.

3.4. Selective phosphate recovery from multi-component solution by
adsorbents and membranes

Municipal effluent typically contains other anions that could influ-
ence the removal of phosphate ions. The ions taken into account in this
study are sulfate, nitrate and chloride, of which 1 mM concentration of
each (about 80 mg/L SO,*, 58 mg/L NO5~, 30mg/L ClI" and 78 mg/L
P0O4*) were investigated for both the adsorbents and membranes, pre-
sented in Fig. 11.a-c. It was found that the presence of other ions does
not affect the removal efficiency of PO, onto BRM and ZnO adsorbents
(Fig. 11.a). However, the presence of the ions caused a slight decrease
in the efficiency of phosphate removal by the PVC-BRM 15% mem-
brane. The removal efficiency of the PVC-BRM membrane (Fig. 11.b) in
the absence of interfering ions was 48%, 35% and 32% in 30 to 60 min,
respectively (Fig. 10.a,80 mg/L). In comparison, the removal efficiency
for phosphates was reduced to 36%, 21% and 19% in 30 to 60 min,
respectively, in the presence of interfering anions. Jia et al. [140] ob-
served decreasing phosphate removal efficiency in the presence of other
anions. The most competitive anion was SO,*. One possible
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Fig. 9. a. Effect of adsorption loading on removal efficiency and concentration
changes of phosphate versus time using PVC-BRM membrane and feed con-
centration of 80 mg/L PO,™. b. Effect of adsorption loading on removal effi-
ciency and concentration changes of phosphate versus time using PVC-ZnO
membrane and feed concentration of 80 mg/L PO4>.
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explanation is that hydration size and the charge of coexisting ions
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multivalent counter-ions than monovalent ions [142]. The valence of
PO, and SO,* is —3 and — 2, respectively. However, the molar mass
of SO,% is 96, that of PO,* is 94.97, NO5~ has molar mass of 62.0 and
Cl' 35.45 g/mol. Hence, with longer contact time, S04% affects PO4>
removal to a greater extent than the other anions. Similarly, even
though both NO3™ and CI” have negative charge, the molar mass of NO3~
is higher than ClI" [141]. Likewise, as can be seen in Fig. 11.c, the
presence of competitive anions showed negligible effects on the re-
moval of phosphate by PVC- ZnO 15%.

3.5. Application of BRM in phosphate removal and recovery from different
wastewaters

Real wastewater conditions differ from synthetic solutions because
of the diverse composition of anions and cations, color, soluble solids,
and total organic components found in real wastewaters. Hence, the
actual behavior and efficiency of adsorbents in real wastewater effluent
needs to be studied. In this work, a number of real water samples were
investigated (Table 4). The municipal wastewater samples were pre-
pared from secondary clarifier of a conventional activated sludge
system at the Mikkeli wastewater treatment plant in Finland. In the first
condition, we used wastewater without phosphate spike, and in the
second condition, we spiked phosphate to increase its concentration.
Additionally, agricultural runoff samples were prepared by mixing 10 g
of garden soil with 100 mL water agitated for 1 h. As can be seen in
Table 4, all phosphate was removed, indicating that BRM could be a
promising engineered adsorbent for efficient phosphate removal from
different wastewaters before discharge to water bodies.

3.6. Desorption and reusability studies of BRM and the PVC-BRM
membrane

Desorption of phosphate from loaded BRM particles by different
solutions (NaCl 1 M, NaCl 3M and NaOH 3 M) was evaluated. It was
found that NaCl 1 M did not affect phosphate recovery and regeneration
of BRM, whereas 35% and 44% phosphates were released in NaCl 3M
and NaOH 3 M, respectively. Furthermore, 50% and 75% phosphate
adsorption were found in the second cycle. The generally low phos-
phate desorption rates for NaCl suggest strong interaction between
adsorbate and adsorbent or they may be a result of inadequate ex-
tracting solution and reaction time [40,66,143]. It also suggests that
phosphate adsorption is more a result of chemical adsorption than
physical adsorption. Moreover, these results show that BRM can be used
as a slow-release fertilizer as it does not have the fast nutrient leaching
issues found with other fertilizers. The lower sorption ability of re-
generated biochar than fresh BRM could be because of a permanent
adsorption reaction in the active site of the biochar or lost porosity
owing to precipitated compounds [144]. 32% and 5% of the phosphate
was recovered from BRM and ZNO membranes by 1 M NaCl . However,
regenerated PVC-BRM 15% showed almost the same removal efficiency
as the fresh membrane (Fig. 12.a). The improved removal efficiency of
the ZnO membrane after regeneration suggests that the functional
groups in ZnO might be activated by NaCl (Fig. 12.b). In the case of the
PVC-BRM membrane, replacement of adsorbed phosphate by the Cl" ion
might be occurring due to the greater surface area of adsorbent on the

Table 4
Application of BRM on different wastewater.
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Fig. 12. (continued)

membrane or due to different phosphate adsorption mechanisms in the
membrane. The high regeneration rate of the membranes shows that
they could be reused for several cycles of PO,> removal.

3.7. Possible reaction mechanisms for phosphate sorption by BRM

Surface area: Although the BET results in our study did not show a
high surface area for biochar, high phosphate uptake capacity was
observed. These results suggest that physisorption on the surface area of
BRM is not the important factor affecting phosphate uptake capacity.
Several other studies have concluded that P uptake is not only depen-
dent on the surface area of biochar [37,66,129,145,146].

Water component PO43' (mg/L) NO3; (mg/L) Cl'(mg/L) SO42' (mg/L)
Secondary clarifier (1) Before treatment 1.28 115.81 71.00 127.13

After treatment 0.00 114.80 80.80 172.08
Secondary clarifier (2) Before treatment 20.25 115.82 71.00 127.13

After treatment 0.00 116.08 82.10 180.14
Agricultural runoff Before treatment 9.00 55.62 38.13 282.52

After treatment 0.00 55.00 45.03 310.11
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Surface charge and functional group: The different functional
groups of carboxylic, aliphatic amine, primary and secondary amines
and “free” hydroxyl groups were observed in the FTIR results for the
biochar. However, the negative charge of our biochar (Zeta potential
measurement) suggests that the positive functional group would be less
effective for absorbing opposite charge ions such as phosphate. Other
studies have also proposed such an opinion [66,147]. The better
phosphate removal at acidic pH (subsection 3.3.2.) might be due to
higher positive charge in this pH. However, higher pH causes repulsion
of the negatively charged solute in the solution and increases compe-
tition between OH and PO,> for consumption of adsorption sites. Study
of the effect of the multi-component solution on BRM (subsection
3.3.4.) showed that cations were not removed by the biochar, which
indicates that functional group adsorption had little effect on the ca-
tion.

Anion exchange: The FTIR results showed evidence of adsorption of
phosphate onto the surface of functional groups in the P-loaded biochar
in our study. Further, the results showed release of CI', OH", and S0,%
from biochar to the solution, which might represent phosphate re-
placement with these anions, which act as mobile ions connected to
cationic functional groups in the BRM. However, the amount of anion
release did not change with time and all anion release occurred in the
first 15 min, and the removal percentage was high even in basic pH, so
other mechanisms should be involved as well, and ion exchange might
be more effective at the beginning of the adsorption period.

Metal oxides: Many studies have shown a positive correlation be-
tween PO,>-P adsorption and several types of metallic ions (Ca®™,
Mg?*, Fe*, AI®*, La®", K, etc.) present in biochar, mainly if the
metals are presented as basic functional groups
[[37,65,66,148,129,117]]. The metal oxide surface becomes hydro-
xylated in contact with water and thus introduces either a positive or
negative surface charge depending on the solution pH [149]. EDS
mapping showed the presence of metal ions in the biochar and metal
release (K*, Mg?™*, Ca®*, Si**) into the solution was also observed in

Precipitation

—

Si3(PO,)4

K,PO,
Major — KH,PO,
Products | Mg(POy),

Anion
exchange

Hydrogen
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our experiments. The peaks around 500 cm ™! in the FTIR spectra re-

present Mg-O and weak broad peaks apparent around the
3400-2600 cm ~ ! region might be attributed to hydroxyl and belongs to
metal hydroxide. Additionally, the XRD spectra of the biochar showed
several peaks that were likely attributable to SiO,, CaO, and MgO [85].
The peaks around 20 at 42°, 62° indicated the presence of MgO in the
biochar. Possible mechanisms of phosphate adsorption on metal oxide
and hydroxides involve surface precipitation of metal-phosphate, elec-
trostatic attraction, ligand exchange forming covalent bonds between
phosphate and the metal cation (inner-sphere surface complexation),
which were then deposited on the surface of the biochar, and hydrogen
bonding between H and O from phosphate and metal oxides
[66,117,129,146]. On the other hand, these metal elements that are
partly released from biochar into the solution will react with phos-
phates and produce precipitation or bonding with hydrogen and
phosphate [146]. No metal ion release to the solution in the membranes
shows that that phosphate adsorption onto the adsorbent might not be
caused by chemical precipitation but rather by chemical adsorption
through exchange with OH on the hydroxylation surface of the ZnO
[92]. Fig. 13 shows schematic diagrams of major sorption mechanisms
of phosphate for the biochar used in our study.

4. Conclusion

Biochar from Rosmarinus officinalis leaves (BRM) was fabricated
using pyrolysis of Rosmarinus officinalis leaves (RM) in a simple and
environmentally friendly preparation method. The high adsorption
capacities of BRM make it a promising material for the removal of
phosphate. Incorporation of BRM in a membrane matrix expands the
range of possible applications for BRM and resolves the challenges of
use of a single adsorbent in wastewater treatment systems. The BRM
showed high adsorption capacities for phosphate in single and multi-
component systems as well as in different wastewaters. In the mem-
brane, the efficiency decreased slightly in the presence of other anions,

g
& .
= Electrostatic
! attraction
O

Ligand
O‘?‘ exchange

@ Metal ions

® SO, Cl,
OH-

() Amine groups

Fig. 13. The Schematic diagrams of various sorption mechanisms of phosphate by BRM in the present study.



R. Mohammadi, et al.

and phosphate selectivity also decreased. Ion-exchange, ligand ex-
change, hydrogen bonding, electrostatic attraction and precipitation,
mostly due to the presence of metallic ions in the BRM, were involved
in the phosphate adsorption. Phosphate desorption and regeneration
was better using NaOH; however, the membrane could be recovered
and regenerated with NaCl and showed high phosphate removal effi-
ciency after regeneration. The slow release of phosphate in BRM makes
it a good candidate as a slow-release fertilizer. XPS, XRD, FTIR analyses
confirmed the successful sorption of phosphate on the adsorbents (BRM
and ZnO nanoparticles as comparative adsorbents) and membranes. It
was concluded that the results of this study demonstrate that BRM and
mixed matrix membranes with BRM offer a promising solution for
phosphate adsorption from wastewaters and runoff as part of effective
and environmentally sustainable wastewater treatment.
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