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Abstract

The naphthoic acids are challenging and costly to remove from water and soil. 1-Hydroxy-2-
Naphthoic acid (HNA) is a phenanthrene decomposition product from petroleum-contaminated
environments during the aerobic decomposition of polyaromatic hydrocarbons. The
hydrogeological mobility of hydrocarbon breakdown products represent a pollution risk (e.g. for
drinking water sources). Adsorption to biochar produced from agricultural by-products is a useful
strategy to remediate contaminated wastewaters. Here, we examine the controls on the HNA
adsorption to the adsorbents magnetite, clay minerals, biochar and magnetite enriched
companion materials, namely the influence of contact time, contaminant concentration and
ionization effects at different pH. The adsorption of HNA was investigated using low-cost and
readily available adsorbents: i) wheat straw biochar, ii) rice husk biochar, iii) sugarcane biochar,

iv) zeolite, v) montmorillonite, vi) magnetite and their enriched magnetic companions. Magnetite
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enriched biochar exhibited greater adsorption rates compared with their nonmagnetic analogs
for HNA. The maximum adsorption capacity of the magnetite enriched compounds (initial water
concentration of 0.32 mmol HNA.L") was 0.45 mmol.HNA.g" of enriched zeolite. The magnetite
enriched biochar and conventional biochar showed similar adsorption kinetics although
magnetite enrichment improved the efficacy of adsorption. The adsorption fitted the pseudo-
second order model in all cases, suggesting the dominant mechanism of adsorption was
chemisorption. The magnetite enrichment reduced intra-particle diffusion, possibly due to fouling
or blocking of pores within the particles, as evidenced by the decrease in diffusion rate
constants. Overall, HNA adsorption improved after magnetic enrichment due to magnetite
competing with inhibition sites on the biochar carriers. These findings translate into equivalence
between magnetite and magnetic biochars, suggesting cheaper alternative materials could be
synthesized in situ with the biochar acting as both an adsorbent and carrier, increasing the
prospect of designer biochars for targeted pollutant removal. This approach has the potential to
be used for wastewater treatment or for application as a soil additive for remediation of runoff

from contaminated soils.
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1. Introduction

Inappropriate treatment or disposal of hydrocarbon waste can lead to contamination due to
leaching and transport of organic pollutants into the soil matrix (Mao et al., 2015). Organic
pollutants come from a variety of sources including wastewaters which are derived from food,
leather and textile industries and the petrochemical industry amongst others (Hassard et al.,
2015). Petroleum hydrocarbons (PH) are widely found pollutants in soil and contaminated water
due to their ubiquity and frequency of use (Qadir et al., 2008). Elevated PH concentrations in
industrial wastewater effluents have been reported from low income scenarios (e.g. southern
Punjab) and this polluted water is frequently released to the environment without sufficient
treatment. Wastewaters containing PH are also used for agricultural irrigation creating a
pathway for contamination of soil (Feenstra et al., 2000) and accumulation within crops, soil and
surface water. The accumulation of the PH pollutants within the tissues or on the surfaces of
crops could also promote a human health exposure pathway (Raschid-Sally et al., 2005; Rattan
et al., 2005). The PH are mostly hydrophobic in nature, they are preferentially adsorbed to soil
particles, and they can persist within soils for many years. Clean-up of these contaminated soils
and treatment of run off wastewater is critical to mitigate environmental human health exposure
(Baedecker et al., 1993, Cozzarelli et al., 1994 Das and Mukherjee, 2007). Clearly additional
research is required into novel technologies which can remove PH and their breakdown

products.

The breakdown products of PH are of particular concern as they are predominately polar
chemicals, which are readily water soluble, have high hydrogeological mobility and therefore
elevated pollution potential for groundwater. 1-Hydroxy-2-Naphthoic acid (HNA) is the first
phenanthrene decomposition product in petroleum-contaminated soils during the aerobic

decomposition of polyaromatic hydrocarbons (PAH) and is a widely used surrogate for PAH and



other breakdown products of PH (Hanna and Carteret, 2007; Carney et al. 2008). HNA is not
just a useful surrogate, it is in itself a compound which needs to be treated to reduce the toxicity
of wastewaters. For example, HNA irritates the human respiratory system, causes inflammation
of the eyes and skin and can disrupt normal gut function in humans and animals. Several
studies have shown HNA as a potent inhibitor of intracellular communication and highlighted a
possible role of this compound as a mutagen (Samanta et al., 1999). Quantitative risk estimates
for exposure to HNA are not well defined, however oral exposure is considered one route due to
consumption of contaminated crops or water. The acute oral Lethal Dose 50 (LDso) of HNA in
rats was 823-1040 mg.kg™' body weight. The no observed effect level (NOEL) for HNA is
considered to be much lower 12-60 mg.kg' body weight per day (European Chemicals Agency,
2019) suggesting removal of HNA from drinking water and soils through treatment is necessary,

particularly in areas prone to high levels of contamination.

Currently, wastewater treatment rely on biological or chemical oxidation processes such as
aerobic or anaerobic bio-treatment, ozone or advanced oxidation processes (Rolph et al., 2018).
These processes are costly are require significant operation and maintenance investment. A
promising route for cost effective remediation of PH breakdown products is adsorption to natural
or engineered adsorbents (Chen et al., 2011). Natural adsorbents are cheaper and more readily
available than conventional industrial adsorbents such as granular activated carbon (GAC) and
would not require costly regeneration to be effective as additional material can be produced in
situ as required. A diverse range of organic and inorganic contaminants (include PH and HNA)
can be removed using adsorbents such as magnetite and biochar (Cundy et al., 2008; Lu et al.,
2010). Biochar in particular is considered multifunctional and useful for removal of PH
breakdown products from wastewater. Concentration of the pollutant and phase separation
(usually water to solid) could facilitate a safe disposal route, for example incineration (Singh et

al., 2018). Identifying a suitable material which does not create secondary pollution concerns



has proved challenging (Hanna and Carteret, 2007). Recent work has shown the propensity of
‘designer’ or enriched natural materials (where surface area, surface charge or porosity is
altered) to target the specific removal of contaminants for removal of organic pollutants such as
pesticides or PH (Busquets et al., 2014; Rolph et al., 2018; Rolph et al., 2019). Other natural
materials such as the minerals magnetite (FesO.), zeolite and montmorillonite which have high
surface area and ion exchange capacity to remove a wide range of pollutants / ions from
solution (Rashed, 2013). Biochar and iron oxides are readily used separately for the adsorption
of organic pollutants however, their interaction effect requires further study under controlled
conditions. Our hypothesis was that magnetite enrichment of biochar and clay minerals would
enhance the adsorption properties (number and availability of active sites) of natural biochar
adsorbents towards HNA for the remediation of contaminated waters. Studies were done to
assess the removal of HNA under a variety of adsorption conditions and kinetic modeling was
undertaken to assess the dynamic removal rate and permit comparison between materials and

suggest the dominant mechanism(s) of adsorption.

2. Materials and Methods

2.1. Chemicals

1-Hydroxy-2-naphthoic acid, sodium hydroxide (NaOH) both with a purity 297 % and hydrochloric
acid (HCI) were obtained from Sigma-Aldrich (Islamabad, Pakistan). Two types of clay minerals
(natural zeolite and montmorillonite), three types of biochars (wheat straw, sugarcane and rice
husk biochars) and one iron oxide (magnetite) were used for investigating the sorption of organic
pollutants from water. Biochar produced by pyrolysis at 350 °C were obtained from NARC
(Islamabad, Pakistan). Magnetite and natural zeolite were obtained from Meiqi Industry and Trade

Co., Ltd (Gongyi City, China) both having a purity of 299 percent and particle sizes of 53 and 150



um respectively. Analytical grade montmorillonite K30 (1318-93-0) obtained from Sigma Aldrich

(UK), having a purity 299 %.

2.2. Enrichment of biochars and clays with magnetite

The properties of the magnetite enriched product depend on the enrichment technique and the
physical-chemical conditions at which enrichment was carried out. Biochars were produced via
pyrolysis of three different feedstocks and the composition, particle and pore size distribution was
not controlled as part of this study (i.e. representative of locally available adsorbents). Three
magnetite enriched biochars were formed using wheat straw biochar (WSB), sugarcane biochar
(SB) and rice husk biochar (RHB) as a base adsorbent. Each biochar was washed three times
with deionized water and air dried within a laminar flow hood for at least 24 hours. Subsequently
2 g of each biochar was mixed with 2 g of magnetite and a mixed solution was made through
addition of 20 mL of deionized water. The biochar-magnetite mixtures were homogenized using
a magnetic stirrer for three hours. Subsequently, sodium hydroxide solution (0.1 M) was added to
the magnetite to create a disperse solution of particles which formed a covering layer which was
deposited on the surface of each adsorbent particles (visual inspection using microscopy) (Mohan
et al., 2014). The functionalized mixture (henceforth enriched compound) was filtered and the
residue was washed with buffered deionized water (pH 7.0). After drying in a laminar flow hood
at room temperature, the product of this reaction was stored in air tight bottles. The three mixtures
prepared were considered magnetite enriched biochars (WSB, SB and RHB). Enrichment of the
clay minerals, zeolite and montmorillonite was carried out as above replacing the biochar with 2
g each of zeolite, montmorillonite and magnetite in 20 mL of deionized water. The product was
dried at room temperature and stored in air tight bottles. Two mixtures were obtained, magnetite

enriched zeolite and magnetite enriched montmorillonite.



2.3. Batch experiments

Batch experiments were performed at ambient temperature (25+2 °C). Adsorption of HNA was
investigated using both original and magnetite enriched biochars (WSB, RHB and SB), clay
minerals, (zeolite and montmorillonite) and magnetite. The influence of a number of important
process factors were investigated including: contact time of the adsorbent, pollutant concentration
and ionization effects at different pH. All samples were filtered (0.45 um) and the adsorption of
HNA was measured immediately using a UV-Vis Spectrophotometric (Thermo Electron
Corporation, USA) analysis at 340 nm. The HNA concentration obtained from spectrophotometric
method was validated against appropriate external quality standards for HNA. Values obtained
from the spectrophotometer were corrected based on the absorbance of double deionized water

blanks.

2.4. Adsorption kinetics

Batch adsorption equilibrium kinetic experiments were carried out in 50 mL total organic carbon
(TOC) free borosilicate glass beakers each containing 25 mL of solution at ambient
temperature. Each experiment was undertaken in triplicate using a HNA solution with a
concentration of 0.32 mmolL-" and 0.05 g of each solid adsorbent material. The beakers were
placed on a continuous magnetic stirrer at 200 rpm for a number of time periods (0, 60, 180,
300, 600 and 1440 min.), samples were extracted at these time periods using a polypropylene
syringe and filter (0.2 um). The Kkinetic data for all the materials tested was evaluated fitting to
the pseudo-first order model, the pseudo-second order model and intra-particle diffusion model.

The pseudo-first order model is given by Equation 1 (Ho and McKay, 1998).

d
= ki(ge — q0) (1)



Where g:and qe are the adsorption capacities (mg/g) at time t and equilibrium respectively and kj
is the pseudo-first order rate constant (L/min). The linear form of the pseudo-first order model was
obtained by integrating and applying the boundary conditions t=0 to t=t and q:=0 to qi=q: (Equation

2).

k
log(qe — qr) = logqe — 572t ()

The pseudo-second order model is given by equation 3 (Ho & McKay, 1998, 2000)

d
= ky(qe — qr)? (3)

Where kz is the pseudo-second order rate constant of adsorption. Integration and applying
identical boundary conditions as for the pseudo-first order model gives the linear form of the

pseudo-second order model (Equation 4).

t 1 1
— = —t
@) k2qe? + e (4)

The intra-particle diffusion model is given by Equation 5. The different stages of the diffusion
process can be identified by linearization of the different portions of the curve given by Equation

5 (Wu et al., 2001)

q = f(&'12) (5)

2.5. Adsorption equilibrium isotherms

Adsorption equilibrium isotherms were investigated using five different HNA pollutant
concentrations at equal intervals between 0.02 and 0.32 mmolL', obtained from a single stock
solution of HNA. To investigate the potential for degradation of HNA, five chemical only blank

samples (without solid sorbent material) were placed in covered beakers at room temperature for



3 days (in the dark). These blank samples did not show any loss of HNA during the experiment,
suggesting removal was primarily due adsorption of the HNA by the adsorbate. The adsorption
equilibrium isotherm was established by adding 0.05 g each of the solid adsorbent into the HNA
solutions having a pH range from 4.5 to 5.3, followed by shaking in the orbital shaker at a rate of
200 rpm at room temperature for 24 hours. After 24 hours, samples from each of the solutions
were collected by filtering through a sterile polypropylene syringe filter (0.2 um). The remaining
concentration of the HNA pollutant in each solution was measured using a UV-visible
spectrophotometer as above. The capacity (Qe¢) of each adsorbent for HNA was calculated

according to Equation 6:

Qo = (Ci—Cce)v 6)

Ms

Where Q (mmol/g) is the adsorbed amount of pollutant per mass of adsorbent, Ce (mmol/L) is
the equilibrium concentration at the end of the experiment, C; (mmol/L) is the initial aqueous

phase concentration, V (L) is the volume of solution and Ms (g) is the mass of adsorbent.

2.6. Effect of pH on adsorption

Investigation of the effect of pH on adsorption was carried out using 25 mL samples of HNA
solution (0.32 mmolL") and 0.05 g of each solid adsorbent material in batch reactors which were
stirred continuously at 200 rpm for 30 minutes. The adsorption at equilibrium was determined at
pH values ranging from 3 to 8 at different time intervals (30-60 min). The pH ranges were adjusted

by using 0.1 M HCI and 0.1 M NaOH solutions to the required pH.
An estimate of adsorption was calculated according to Equation 7:

Ci—C
% Removed = ——-%

x 100 (7)



3. Results and Discussion

The removal of HNA from contaminated water through adsorption is an attractive and low cost
method for wastewater treatment (Lu et al., 2010). Here, the adsorption of HNA was investigated
using three types of biochar, natural materials, magnetite and magnetic companions conducted
under a variety of experimental parameters to simulate the range of expected operating

parameters (contact time, contaminant concentration and the ionization effects at different pH).

3.1. Adsorption kinetics

The adsorption behaviour of adsorbents to HNA was assessed at different time intervals, initially
the adsorption occurred rapidly up to 180 min of contact time and then increased more gradually
until 400 min. The adsorption of HNA did not continue to any significant degree after 600 min
suggesting saturation of active sites (Figure 1, 2) therefore no further HNA adsorption was
possible without regeneration of the adsorbents. This adsorption behaviour was the same for all
of the adsorbents tested. The removal performance of SB was 4-6 % greater than other
biochars from 0 to 60 minutes. The capacities were: SB =0.43 mmol.HNA.g™!, for WSB and RHB

= 0.42 mmol.HNA.g", after 180 minutes.
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After 180 minutes of contact time, the HNA adsorption was similar for magnetite enriched WSB,
RHB and SB. The adsorption capacity (Q.) of the magnetite enriched biochars was 0.43
mmol.HNA.g". This was several orders of magnitude higher than expected for goethite based
natural clay adsorbents which have an adsorption capacity of ~0.009 mmol.HNA.g™! obtained from
batch experiments which were undertaken in a similar way to this study (Hanna and Carteret
2007). Enrichment using magnetite reduced the heterogeneity in response to the HNA adsorption
between the three biochars tested (Figure 1, 2, Table 1). Overall the magnetic SB had a Qe of
0.44 mmol.g', this higher value was attributed to elevated adsorption capacity of the SB
compared to both the WSB and RHB before enrichment. This is pertinent as the HNA removal
character by magnetic biochars was similar to magnetite suggesting this enrichment could be
utilized to upgrade the adsorption capacity of local and available biochar. It is theorized that
proportionally less magnetite could be utilized (in combination with biochars) to provide similar
HNA adsorption performance compared to magnetite. It was considered that using enriched
biochars could result in substantial adsorbate cost savings when compared to the use of
magnetite as the exclusive adsorbent. The adsorption capacity was in the following sequence and
from greatest to least: magnetite > SB > WSB = RHB and after enrichment the adsorption capacity
increased but was in the same order of performance. For the clay minerals, the adsorption
capacity of zeolite, montmorillonite and magnetite were similar at 0.44 mmol.HNA.g'. After
enrichment with magnetite, the enriched zeolite and montmorillonite had very similar capacities
of 0.45 mmol.HNA.g'. The HNA adsorption capacity in order and from greatest to least was:

enriched zeolite = enriched montmorillonite >magnetite.

3.2. Kinetic modelling of HNA adsorption.

The kinetic data was fitted to the pseudo-first order, pseudo-second order and intra-particle

diffusion models (Table 1). All the materials investigated fitted best to the pseudo-second order



model. This was evidenced by linear correlation coefficient (r?) values exceeding 0.99 and the

closeness of modelled Q. values to the experimental derived Qe values.

Table 1. Kinetic modelling of HNA adsorption to adsorbents

Model Pseudo-first order Pseudo-second order
AdSO I’bent Qe Exp_* K1 Q1e max I‘2 K2 QZe max r2

(mmol.g~ (L.min")  (mmol.g™") (g.[mmol.min""])  (mmol.g™")

1

)

WSB 0.423 0.00415 0.0573 0.8914 0.27919 0.425 0.9999
RHB 0.422 0.00392 0.0573 0.8443 0.22346 0.425 0.9998
SB 0.430 0.00507 0.0785 0.9778 0.23391 0.433 0.9998
**Monto 0.438 0.00783 1.5272 0.9906 0.19642 0.436 0.9998
Zeolite 0.440 0.00668 0.1183 0.9976 0.20109 0.444 0.9998
Magnetite 0.439 0.00599 0.1067 0.9980 0.19852 0.442 0.9998
Enriched 0.433 0.00484 0.0896 0.9925 0.20259 0.436 0.9998
WSB 4
Enriched 0.431 0.00507 0.0924 0.9938 0.20821 0.434 0.9998
RHB
Enriched 0.435 0.0030 0.0893 0.9935 0.21556 0.438 0.9998
SB
Enriched 0.447 0.00530 0.0934 0.9817 0.19164 0.450 0.9998
Monto
Enriched 0.448 0.00645 0.1081 0.9948 0.20267 0.451 0.9998
Zeolite

*Q ¢ exp- = Experimentally derived value of Q
** Monto = Montmorillonite

For example, the values of Qzemax Was within 0.04 mmol.g™' of Qeexe in all cases. In second order
models the rate limiting step to adsorption is considered availability of surface active sites.
Removal from solution occurs due to physiochemical interactions between functional groups
attached to the solid and chemicals within the water phase (Singh et al., 2018). Good fit to the
pseudo-second order model implied that adsorption was dominated by chemisorption processes.
Chemisorption is adsorption which involves a reaction between a functional group and the
adsorbate (Fierro et al., 2008). In chemisorption dominated sorption processes, there is a strong
interaction between the sorbate and the active sites of the adsorbent that results in the formation

of new electronic bonds. Regeneration of active sites can be achieved using strong oxidants,



changes in the pH or salt concentration. Analysis of the modeled intra-particle diffusion
parameters showed that the diffusion of HNA into the adsorbent was fastest for WSB and RHB.
The intra-particle diffusion model typically describes adsorption where adsorption rate is
dependent on the rate of diffusion of the adsorbent from the external surface of the adsorbent
along the pore walls and into the pores of the adsorbent (Wu et al., 2009). The magnetite
enrichment of the adsorbents resulted in a small decrease in the initial rate of diffusion into all of

the adsorbents (Table 2).

Table 2. Outputs from the intra-particle diffusion model for each adsorbent on HNA

Adsorbent Kia (mmol.[g.min%5]")  BLT (mmol/g) r?
WSB 0.006 0.3087 0.9914
RHB 0.0067 0.2918 0.9849
SB 0.0052 0.3231 0.9759
**Monto 0.0048 0.3316 0.9619
Zeolite 0.0045 0.3391 0.9345
Magnetite 0.0045 0.3366 0.9418
Enriched WSB 0.005 0.3266 0.9742
Enriched RHB 0.005 0.3254 0.975
Enriched SB 0.0046 0.3087 0.9398
Enriched **Monto 0.0049 0.3087 0.9667
Enriched Zeolite 0.0044 0.3476 0.9287

** Monto = Montmorillonite
BLT = Intra-particle diffusion model estimate of hydrodynamic boundary layer thickness which
impacts the diffusion of adsorbent from bulk solution to the external surface of the adsorbent.

The HNA adsorption process can be controlled by a combination of the following: external

diffusion to adsorbent, film diffusion on the surface of adsorbent, pore diffusion, surface diffusion



and adsorption on the pore surface (Tran et al., 2017). Here, the intra-particle diffusion model
revealed that the fastest adsorption rates were observed for WSB and RHB evidenced by Kig
values of 0.006 and 0.0067 mmol.[g.min%5]" respectfully (Table 2). The addition of magnetite to
all materials decreased the initial rate of diffusion into the pores of the adsorbent material, possibly
due to partial blocking of the pores for these materials by nano-particles of magnetite (Wu et al.,
2009). For example the WSB Kig decreased from 0.006 to 0.005 with similar reductions for other
biochar. This observed effect was less pronounced within the other materials which were tested
(Table 2). This decrease in rate could possibly be due to a reduction in either the particle pore
size or the surface area or availability of active sites (Chen et al., 2011). In rapidly stirred batch
systems the diffusive mass transfer can be represented by an apparent diffusion coefficient, which
in this case fitted well to the presented experimental sorption rate data. The large positive
boundary layer thickness (BLT) values (ranging from 0.2918 to 0.3496) indicated that initially the
analyte had to diffuse through the aqueous layer surrounding the adsorbent particles (Tran et al.,
2017). More rigorous stirring or agitation (shaking) could be used to reduce apparent BLT and
potentially increase the rate of diffusion. Here, it was assumed that external resistance to mass
transfer was only significant during the initial stages of adsorption, the second slower (and rate
limiting) component is the gradual adsorption dominated by intra-particle diffusion (Fierro et al.,
2008). Therefore, there was no need to increase mixing speed at the expense of the integrity of

the aggregate integrity/



3.3. Adsorption equilibrium isotherm

At the initial HNA concentration of 0.02 mmol L' adsorption was 0.47-0.48 mmol.HNA.g™' for the
natural materials studied. All adsorbents had lower HNA amounts adsorbed at elevated
contaminant concentrations which implies that full saturation of adsorbents’ active sites had
occurred preventing further HNA uptake from solution. Therefore adsorption was monolayer and
chemisorption could not proceed (Singh et al. 2018). This is due to the decreasing fraction of
adsorbed HNA with increasing concentration and is an indication that all of the active sites have
been saturated. Magnetite achieved greater adsorption of 0.47 mmol.HNA.g' compared to SB
which had 0.43 mmol.HNA.g' and WSB which had 0.39 mmol.HNA.g" (Figure 3, 4). At high
concentration (0.32 mmol L") before enrichment, adsorption efficiency was 0.36, 0.36, 0.40 for
WSB, RHB and SB respectfully. After enrichment the adsorption efficiency increased to 0.40, 0.39
and 0.44 mmolg for WSB, RHB and SB respectfully. Magnetite enriched biochars have higher
adsorption capacities as compared to their nonmagnetic analogs, re-enforcing findings of Chen
et al., (2011) who showed that hybrid magnetic biochar particles exhibit greater sorption capacity

that nonmagnetic analogs.
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Zeolite had 2.3 % greater adsorption than montmorillonite and 1.8 % greater adsorption than
magnetite at 0.02 mmol.L' (Figure 3). Magnetite enriched clays showed similar uplift in

performance figures compared nonmagnetic analogs (Figure 4).

3.4. Impact of pH on adsorption to biochar

The pH is an important factor on the HNA adsorption process, which influences surface complex
reactions which occur at specific mineral adsorption sites (Hanna et al., 2010). Previous studies
have shown that compounds with stronger electronegativity are bound more strongly to the
adsorbent surface which influences the pollutant adsorption rates and regeneration efficacy of
adsorbents (Chiou et al., 1979). In this study, the outer surface of the biochar exhibits a diversity
of functional groups including: hydroxyl, carboxylic acid and carboxylate. In this study, we
controlled the pH of the solution between 3 and 8, influencing the protonation or deprotonation of
these functional groups (Oh et al., 2012) which in turn influences the ionization of biochar and
hence the electrostatic interaction with the HNA adsorptoin. At a pH below the pKa for each
functional group on the biochar, the functional group becomes protonated, at a pH above this
threshold, the functional group becomes deprotonated (Lonappan et al., 2018). In this study at a
pH < 5 the amount of HNA adsorbed increased. This suggested that the electrostatic attraction
between the HNA and the protonated functional groups of the adsorbent increased during each
decrease in pH. The electrostatic force of interactions, hydrophobic behaviour and pore-filling may
be the core factors for adsorption of organic contaminants which includes HNA. The surface
layers of biochar studied were considered heterogeneous ( Zhao et al., 2013) this is in part due
to bound carbonate and non-carbonaceous components on the surface layers of the biochar
(Chen et al., 2008, Cao et al., 2009). Surface pore size was also another important characteristic
for the adsorption of organic compounds and has been discussed nil detail within Singh et al.

2018).



The impact of pH on adsorption capacity was assessed while maintaining other factors constant:
temperature, contact time, adsorbent dose and pollutant concentration. A HNA concentration of
0.32 mmol L' with adsorbent dose of 0.05 g was used for the pH experiments. Adsorption was
greatest at acidic pH (3) and started to decline at a pH < 5 (Figure 5, 6). At pH > 6 the reduction
in adsorption capacity plateaued. At low pH there was reduced availability of organic anions in
solution due to lower hydration, however the ligand exchange at the anionic hydroxyl group also
increases at low pH (Polubesova et al., 2010). This study was based on anion exchange capacity
as aqueous HNA releases H+ion from the COOH ligand and there is a negative charge on the
COO- of HNA. The combination of the anionic form of HNA alongside the increased anionic
exchange capacity of the absorbent resulted in a greater tendency for exchange of the
adsorbent’s anion with the HNA anion. For most adsorbents tested the highest capacity was
observed when the adsorbents particles were positively charged and the carbonyl functional
groups of HNA was negatively charged at pH value < 5 (Table 3). As the adsorbent and adsorbate
became negatively charged at high pH, repulsion between them occurred. A similar adsorption
behaviour of several organic acid complexes on the oxide surface has been observed previously

(Nilsson et al., 1996, Evanko and Dzombak, 1999).
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In this study, the removal efficiency of HNA by the clay minerals was greater than the biochar
adsorbents. The greater adsorption by the clay minerals is probably due to the greater surface
area available for the clays and therefore active sites present on the surface of the adsorbent.
Biochar showed a pronounced decrease in HNA adsorption before enrichment as compared to
clay and magnetite adsorption but after enrichment the adsorption behaviour of magnetic biochar
decreased more gradually, similar to clay and magnetite for pH, time and concentration of
contaminant. The adsorption tendency of biochar is low for anionic contaminants due to its more
negatively charged surfaces (Beesley and Marmiroli, 2011; Mukherjee et al., 2011) and thus
engineered biochar enhanced by the magnetite modification process facilitates magnetite
availability on the surface of the carrier solid. It was demonstrated that after enrichment adsorption
performance was increased due to the combined effects to enhance the adsorption capacity for
anionic contaminants. Magnetite has a synergistic effect toward adsorption, as the reduction of
Fe*3to Fe*?provides a free electron, also non-covalently bonded Fe+3— interactions. Zeolite has
a higher adsorption threshold level compared to other adsorbents as the anion exchange capacity
(AEC) of zeolite was greater than clays or biochar. Further experimental studies could optimize
the impregnation to facilitate maximal surface area to volume of absorbent / carrier material.

This study has demonstrated a strong approach for the removal of HNA from contaminated water
and it has been revealed from the study that clay minerals and magnetite have greater sorption
efficacy compared to other adsorbents which are commonly used. It was also indicated that
enrichment has a serious and positive impact on adsorbents and their surface properties toward
adsorption of pollutants. Further work could investigate the influence of point of zero charge on
HNA adsorption and undertake column tests to assess the adsorption using realistic volumes of
real water with environmentally relevant concentrations of pollutants. Further diagnostics of
internal structure of magnetic biochars would be of benefit for further optimisation of this

technology.



4. Conclusions

The batch adsorption data demonstrated that HNA adsorption occurred rapidly before gradual
removal occurred which stopped after all the active sites were saturated. The HNA adsorption
character fitted the pseudo-second order model for all materials tested including enriched and
conventional companions, suggesting chemisorption dominated the removal mechanism.
Enrichments created magnetic nanoparticle suspensions with amorphous biochar complexes.
This study applied the intra-particle diffusion model which showed that despite modest
improvements to HNA removal efficiency, the magnetite reduced the effective intra-particle
diffusion, possibly due to fouling or blocking of pores within the particles as evidenced by lower
boundary layer thickness for enriched as opposed to normal companion materials. The blinding
effect of magnetite to the biochars was offset by the performance improvements for HNA removal.
The removal of HNA was better at lower pH with values of 5-6 being critical for enhancing the
activity of key functional groups to reaction with HNA. Magnetic enrichment increased the
adsorption of HNA by competing with inhibition sites. These findings translate into equivalence
between magnetite and magnetic biochars, suggesting cheaper alternative materials (to
magnetite in isolation) could be synthesized in situ with the biochar acting as a carrier material.
These findings are of interest to waste and water treatment practitioners interested in low-cost

solutions for removal of organic pollutants and their breakdown products.
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