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The removal of phosphates and nitrates from wastewater treatment plant (WWTP) effluents is important for
preventing pollution of receiving waters. In this study, we chemically modified alkaline lignin (aLN) with
quaternary ammonium groups to obtain biodegradable cationic lignin (cLN). We characterized the cLN
and tested its efficacy for removing phosphates and nitrates in a lab setting and on field-collected WWTP
samples. Adsorption isotherm and kinetic studies were performed in aqueous media, and the effects of
several variables (contact time, pH, initial concentration, and adsorbent dose) were investigated. The
Langmuir isotherm described phosphate and nitrate adsorption well, with R? values of 0.97 and 0.84, and
maximum adsorption capacities of 0.59 mg g~ and 2 mg g~ ! respectively. For phosphate, the data fit
the Freundlich isotherm model with an R? of 0.95, suggesting that both homogenous and
heterogeneous adsorbent surfaces were involved in phosphate adsorption. Adsorption kinetics revealed
that both phosphate and nitrate sorption onto cLN was better described by the pseudo-second-order
model, with a correlation coefficient of 1. Furthermore, a 2-dimension Doehlert matrix was used to
model the effect of initial concentration and adsorbent dose on the phosphate and nitrate removal. The

results showed that cLN 1516 mol% was most effective for low phosphate and nitrate concentrations.
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Environmental significance

The research paper “Lignin cationization for the removal of phosphates and nitrates from effluents of wastewater treatment plants” addresses the important
problem of water pollution from a point source. Our approach involved repurposing a waste stream from the paper and pulp industry, lignin, to reduce the
nutrient loads of final effluents of wastewater treatment plants. This approach was intended to follow and close the circular economy loop whereby waste
material is used for environmental remediation with the potential for application as phosphate and nitrate fertilizer for plants.

the water taken in by WWTPs and originate from various
sources, including agricultural, industrial, and household
waste.”® The efficient removal of these pollutants before the
release of WWTP effluents into the natural environment is
important, since high phosphorus and nitrogen concentrations

1. Introduction

Water treatment is a key component of sustainable water
resource management. However, wastewater treatment plants
(WWTPs) constitute a major point source of pollution, with

effluent loads often greater than those of nonpoint sources.*
Nitrates and phosphates are among the pollutants present in
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(between 20-100 and 500-1000 pg L™ respectively) can cause
excessive algal and plant growth, leading to eutrophication in
aquatic habitats.* An increase in mortality of aquatic life due to
eutrophication causes an imbalance of aquatic ecosystems
while the continued supply of nutrient loads upsets the
biogeochemical cycles of nitrogen and phosphorus.® In this
regard, the United States Environmental Protection Agency
(USEPA) has set strict ecoregion-specific concentration ranges
for total nitrogen (0.12-2.18 mg L~') and total phosphorus

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(0.076-0.1 mg L™') on WWTPs, to reduce effluent nutrient
concentrations and protect receiving waters."

Biological and chemical methods have been researched and
implemented for wastewater treatment, but their use is often
limited due to high costs and instability.® Adsorption is gener-
ally preferred to chemical (such as precipitation with iron salts,
alum, or lime) and biological (aerobic and anaerobic) treat-
ments due to convenience, flexibility, ease of operation,
simplicity of design, and reduced production of sludge.>”*®
Metal-based adsorbents and composite materials are some
conventional adsorbents that have been utilized with some
success but they have drawbacks such as low sorption capacity,
limited surface area/active sites, and short adsorption-regen-
eration cycles.” Activated carbon has proven to be an effective
adsorbent but its high cost limits large-scale use.'®'* In recent
years, research has been oriented toward finding cheaper, more
efficient, and sustainable adsorbent materials, with a great deal
of this research focused on lignin-based materials."

Lignin is the second most abundant biopolymer on Earth™*
after cellulose. It exhibits several characteristics such as
biodegradability/biocompatibility, aromaticity, high thermal
stability, renewability, easy functionalization, durability, and
low cost™'*** that make it attractive for the synthesis of
biomaterials. Lignin contains a large number of active func-
tional groups such as aliphatic and phenolic hydroxyl groups,
carbonyl groups, methoxy groups, and phenyl groups,'® which
make it suitable as a chelating agent for a variety of contami-
nants in water/wastewater.”> Lignin functionalization and
chemical and physical modification have received a great deal
of attention in efforts to increase its efficiency as a removal
agent for wastewater applications. Although a considerable
amount of research has been conducted on the use of lignin-
based materials as adsorbents for removing heavy metals,
dyes, and sulfates,">**'*>* fewer studies®** have explored the
ability of raw lignin to remove phosphates and nitrates from
wastewater. After experimenting with phosphate and nitrate
removal using lignin, Sajjadi's work'> suggested that the inef-
fectiveness of lignin may be due to its coiled 3D structure and
overall negative charge, which would induce double-layer elec-
trostatic repulsion with the phosphate and nitrate anions
during adsorption.

Because adsorption is a surface phenomenon, the efficiency
of the process is intrinsically tied to adsorbent properties such
as surface charge and surface area. A large surface area provides
maximum available sites for interaction, thereby increasing
adsorption capacity. Both Zong's* and Li's* groups demon-
strated the capability and versatility of lignin-based adsorbents
for contaminant removal from wastewater. However, like the
materials they used, the literature reveals that the focus has
been on inorganic composites with components (for example,
positively charged polyethylenimine) that may be toxic to the
environment due to their potential for bioaccumulation and
environmental persistence. Moreover, some of these adsorbents
are non-recyclable.

In this study, we designed a positively charged biodegrad-
able lignin polymer for improved phosphate and nitrate
removal and with potential recyclability through agricultural

© 2024 The Author(s). Published by the Royal Society of Chemistry
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applications. We adopted a circular economy approach,
wherein biodegradable lignin was derived from waste biomass,
chemically modified, and used in environmental remediation,
leaving a minimal environmental footprint. The circular
economy can be defined as a system that is restorative or
regenerative by intention and design, replacing the ‘end-of-life’
concept and aiming to eliminate waste and the use of toxic
chemicals that impair reuse. These goals are met through the
superior design of materials, products, and systems.*® Specifi-
cally, we chemically modified alkaline lignin (aLN) with
quaternary ammonium groups following methods previously
studied by Chauhan et al., Gogoi et al., and Pinto et al.>** to
modify biomass. The resulting cationic lignin (cLN) was tested
in a laboratory setting and on field-collected WWTP samples, as
a novel biobased system® for the adsorption of phosphates and
nitrates from aqueous media. Following chemical character-
ization of the cLN, we performed isotherm and kinetic studies
in batch adsorption experiments and investigated the effects of
several variables (contact time, pH of the solution, initial ion
concentration, competing anions, and adsorbent dose) on
adsorption efficacy. To our knowledge, the materials synthe-
sized and tested in this study have not previously been used for
phosphate and nitrate removal.

2. Materials and methods

2.1. Materials

The alkaline lignin used was purchased from TCI (Portland,
OR), sodium hydroxide (NaOH) and hydrochloric acid (HCI)
were supplied by VWR International (West Chester, PA), and
sulfuric acid (H,SO,) was purchased from Ricca Chemical
Company (Arlington, TX). Glycidyl triethylammonium chloride
(GTAC), poly[lactic-co-glycolic acid] (PLGA), oxalyl chloride,
Amicon Ultra 0.5 mL centrifugal filters and 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (TMDP) were purchased
from Sigma Aldrich (St. Louis, MO). Anhydrous dimethyl sulf-
oxide (DMSO) was purchased from Alfa Aesar (Ward Hill, MA)
while regular DMSO was from Thermo Fisher Scientific (Wal-
tham, MA). Dichloromethane (DCM), dimethylformamide
(DMF), pyridine, chloroform-d, chromium(im) 2,4-pentanedio-
nate (Cr(acac);), cyclohexanol, potassium dihydrogen phos-
phate (KH,PO,), ammonium molybdate ((NH,)Mo0,0,,-4H,0),
potassium antimonyl tartrate trihydrate (K(SbO)C,H,O¢ 1/
2H,0), ascorbic acid, and sodium nitrate (NaNO3) were also
purchased from Thermo Fisher Scientific (Waltham, MA), while
NitraVer X nitrate reagent set and test ‘N Tubes’ were supplied
by HACH Company (Loveland, CO, USA). All solutions were
prepared with deionized water DI H,O (resistivity 18.2 MQ cm,
Millipore, Milli-Q, Barnstead International, Dubuque, IA).

2.2. Synthesis of cationic lignin

The cationic synthesis protocol was adapted from Kong's** and
Wahlstrom's®® works. Briefly, 2 g of lignin was dissolved in
100 mL of DI H,O (DI H,O0; resistivity 18.2 MQ cm, Millipore,
Milli-Q, Barnstead International, Dubuque, IA) and the pH was
adjusted to 12.5 using a 0.2 M NaOH solution. The solution was

Environ. Sci.: Adv., 2024, 3,1722-1734 | 1723
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then transferred to a 250 mL three-neck round-bottom flask and
placed in an oil bath at 60 °C and 220 rpm. Next, we added
glycidyl triethylammonium chloride (GTAC) to the lignin at
volumes corresponding to the desired mol percent dosages.
After 24 h, the solution was submerged in a cold-water bath for
30 min and then transferred into dialysis tubing (MWCO 12-14
kD), and submerged in deionized water for 48 h to remove any
unreacted GTAC and other impurities. The dialysis water was
replaced every 6 h for 48 h. After dialysis, the solution con-
taining the cationic lignin was freeze-dried (Labconco, MO,
USA), and the samples were stored at —20 °C for further
analysis.

2.3. Characterization of cationic lignin

The amounts of various OH groups (aliphatic-OH, carboxylic-
OH, and phenolic-OH [para-OH phenyl, condensed and
syringyl-OH, guaiacyl-OH, and catechol-OH groups]) in the
unmodified and cLN, lignin were estimated using *'P NMR after
phosphitylation with 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP), as described in various published
protocols (e.g., ref. 31-33). The chemical shift ranges integrated
for various OH group types in the quantification of lignin
substructures were adapted from Araneda.** We estimated the
degree of substitution (DS) as the ratio of substituted phenolic-
OH groups (original minus derivatized amounts of OH groups
given by *'P NMR spectra) divided by the original number of OH
groups.”®

We measured the zeta potential of our synthesized cLN
dispersed in DI H,O using a PMX-430 ZetaView QUATT Laser
analyzer (Particle Matrix, Ammersee, Germany). A Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK) was used to
obtain the point of zero charges of the cLN by titrating NaOH
solutions against the cLN and observing the variation of zeta
potential with pH and size.*

We obtained FT-IR spectra in the range of 4000-400 cm ™" by
the attenuated total reflectance (ATR) method at room
temperature using a spectrometer (Bruker Alpha P, Germany).
We acquired scanning electron microscope (SEM) images and
elemental mapping by energy dispersive X-ray spectrometry
(SEM/EDS) using a JSM-6700F (JEOL Ltd, Tokyo, Japan) of cLN
that had been sputter-coated with a thin layer of platinum.

2.4. Phosphate and nitrate adsorptions

The adsorption capacity of the synthesized cLN was evaluated in
a batch system. Using a protocol adapted from Jiao** and
Zong.® 100 mg L' stock phosphate and nitrate solutions were
prepared by dissolving 143.25 mg of KH,PO, and 137.10 mg
respectively, in DI water and diluted accordingly to obtain the
desired concentrations. Each adsorption experiment was done
with an adsorbent dose of 2 mg L™" at room temperature and
a stirring speed of 300 rpm. The pH was maintained at neutral
pH. The samples were centrifuged using a JXN-26 centrifuge
(Beckman Coulter Inc., CA, USA) at 11 000 rpm and 10 °C for
30 min and collected in 2 mL Amicon Ultra 0.5 centrifugal filter
tubes. The ion concentrations of the filtrate were determined as
described in Section 2.6. For each experimental run, the amount
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of adsorbate per unit weight of adsorbent at time ¢, g, (mg g™ %),
was calculated according to eqn (1):

40 = (Co — C)Vim (1)

where C, and C, (mg L") are the concentrations of the phos-
phate and nitrate at times ¢, and ¢ respectively; V (mL) is the
volume of the solution, and m (g) is the weight of the adsorbent
used.

The sorption percentage was estimated from eqn (2):

Sorption (%) = (C; — C.)/C; x 100 (2)

where C; and C. are the initial and equilibrium concentrations
of the ions of interest (i.e., phosphates and nitrates).

To investigate the effects of the adsorbent dose and initial
ion concentration on the removal percentage, a 2-factor Doeh-
lert's matrix was used to plan the experiments and optimize the
process.***” For 2 factors, the Doehlert design consists of seven
experiments comprising a central point (0) and six others rep-
resented in a coded value matrix (Table 1). Adsorption experi-
ments were carried out at room temperature with an agitation
speed of 300 rpm, pH 7, and contact time of 25 min. Aliquots of
1.5 mL were withdrawn from the mixture at predetermined time
intervals and centrifuged using a JXN-26 centrifuge (Beckman
Coulter Inc., CA, USA) at 11 000 rpm and 10 °C for 30 min. The
resulting supernatant was used to determine the phosphate and
nitrate concentrations. These experiments were carried out in
duplicates.

For this design, Lagrange's criterion for the two-variable
function was used to model the response (eqn (3)):

Y =a+bX) + c(Xo) + dX) + e(X57) + fiX1Xo) (3)

where Y is the experimental response to be optimized; a is
a constant term; » and c are coefficients of the linear terms;
d and e are coefficients of the quadratic terms; and f is the
coefficient of interaction between the two variables,*® which
were determined through linear regression analysis.

As a realistic test of the adsorption capacity of our adsorbent,
we conducted adsorption experiments as described above using
final effluent samples from one WWTP in Baton Rouge, LA,
USA; South Baton Rouge (SBR) plant. Samples were collected in
1 liter bottles and stored in an ice chest with ice while being
transported from the plants to the lab. After filtration with a P8

Table 1 2-parameter Doehlert matrix experimental design

Coded variables

Expt # X, X,

1 0 0

2 1 0

3 -1 0

4 0.5 0.866

5 —0.5 —0.866
6 0.5 —0.866
7 0.5 0.866

© 2024 The Author(s). Published by the Royal Society of Chemistry
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qualitative filter paper (Fisher Scientific, Pittsburgh, PA), we
tested the samples for the presence of phosphates and nitrates
as described in Section 2.6, and carried out adsorption experi-
ments using optimum adsorption conditions that were selected
based on the initial lab experiments described above.

2.5. Adsorption kinetics and isotherm models

Kinetic models and adsorption isotherms are often used to
assess the efficiency and adsorption capacity of adsorbent
material. The most commonly used isotherms are the linear
Langmuir and Freundlich models.*® We determined the linear
Langmuir and Freundlich adsorption isotherms by varying the
initial concentrations®® of phosphate (from 0.5 to 1 mg L") and
nitrates (3.6 to 15.8 mg L") by diluting the stock solutions
accordingly; we used an adsorbent dose of 2 mg mL ™" with
a contact time of 90 min at room temperature and neutral pH.
The linear Langmuir model, which can be used to describe
adsorbate-adsorbent interaction at the solid-liquid (mono-
layer) interface,* is summarized by eqn (4):

C. 1 C.

qe B QmaxLKL

qmax (4)
where g. is the amount of adsorbate adsorbed (mg g~ "), C. is the
equilibrium concentration of adsorbate solution after adsorp-
tion (ppm), gmax is the Langmuir adsorption capacity, and K, (L
mg ') is the Langmuir constant. The dimensionless separation
constant Ry, defined by eqn (5), describes the nature of
adsorption as unfavorable (R, > 1), linear (R;, = 1), favorable (0 <
Ry, < 1), or irreversible (Ry, = 0):**>*

1

Rl=—
LT KRG

(5)
where C, is the initial adsorbate concentration (ppm).

The linear Freundlich model, which describes multilayer
sorption (chemisorption) on heterogeneous surfaces,” is
described by eqn (6):

In g. = In Kp + lln C. (6)
n

where Kr is the Freundlich constant, n is the heterogeneity
factor related to the adhesion of the adsorbate to the adsorbent
surface, and n > 1 indicates favorable adsorption.***® The slope
and intercept of the linear regression of In C, to In g. are used to
determine n and K.

The linearized pseudo-first- and second-order (PFO and PSO)
expressions are described by eqn (7) and (8) respectively:

Table 2 Estimated OH groups in uncationized and cationized lignins
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In(ge — ¢)) = Ing. — Kyt (7)
t 1 t
_—— 4 — 8
q: ]<2qe2 qe [ )

where K; (min~") and K, (g (mg min ") ") are the rate constants.

2.6. Determination of phosphate and nitrate concentration

To measure the concentration of phosphates in our samples, we
adapted a protocol used with an automatic AQ300 Discrete
Analyzer (SEAL Analytical). The original protocol is equivalent to
USEPA Method 365.1, Rev 2.0, and is approved for the Clean
Water Act (CWA) for use in wastewater compliance monitoring
under the National Pollutant Discharge Elimination System
(NPDES). Our modified protocol was used to conduct the anal-
yses manually and phosphate concentrations reported refer to
orthophosphate-phosphorus (PO,-P).

We prepared five different stock solutions using DI water:
2.5 M H,S0,, a 4% (w/v) ammonium molybdate (CAS: 12054-85-
2) solution, a 3 g L™ " potassium antimonyl tartrate trihydrate
(CAS: 28300-74-5) solution, and a 15 g L™" ascorbic acid (CAS:
50-81-7) solution spiked with 0.12 mg P/L standard. With these
reagents, we prepared a working phosphate color reagent using
the following proportions: 65 mL (2.5 M H,SO,) + 22 mL (4% w/v
ammonium molybdate) + 7.5 mL (3 g L™ " potassium antimonyl
tartrate trihydrate), brought to 100 mL with DI water. We added
140 pL of the color reagent and 40 pL of ascorbic acid to 400 uL
of the sample. After an 8 minute reaction time to allow for the
color change (reduced phosphomolybdate blue complex
formation) to occur, we placed 200 pL of the mixture in a well
plate. We then measured light absorbance at a wavelength of
880 nm using a BioTek Cytation 3 plate reader photo spec-
trometer (BioTek Instruments Inc., VT, USA). We generated and
used a phosphate standard curve to estimate orthophosphates
in subsequent adsorption studies.

Nitrate concentrations were tested according to the nitrate
chromotropic acid TNT method using a DR-900 colorimeter
(HACH Company, Loveland, CO, USA) at 420 nm. Nitrate
concentrations reported refer to nitrate-nitrogen (NO; -N).

3. Results and discussion

3.1. Lignin chemical modification/structure confirmation

Commercial alkaline lignin (TCI America) was used for catio-
nization and further analyses. The cationization was done
following various GTAC dosages calculated based on the total

GTAC vol. GTAC dosage Aliphatic OH Phenolic OH COOH Zeta potential

(mL) (mol%) (mmol g™ ") (mmol g™ ) (mmol g™ 1) (mv) pH
0.0 0.0 1.5+ 0.4 2.3 £0.7 0.7 £ 0.3 —44.0 2.3
3.2 461.0 2.2+04 0.8 £ 0.0 0.5 £ 0.1 —15.0 7.1
3.5 505.5 2.3£0.1 0.4 £ 0.1 0.4 £ 0.0 -9.9 6.7
5.3 768.3 2.3 +0.9 0.7 £ 0.3 0.4 0.2 —7.8 6.8
6.4 922.0 2.0+1.1 0.5 £ 0.2 0.4 +£0.2 6.4 7.0
10.5 1516.5 1.1 £ 0.7 0.2 +0.1 0.2 £ 0.1 18.5 6.8

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Stacked 31p NMR spectra of uncationized and varied degrees of cationized lignin.

initial number of phenolic-OH groups in the uncationized
lignin. The alkaline lignin had a total phenolic OH group of
2.32 mmol g~ (see Table 2) and was rich in guaiacyl units
(1.30 mmol g ") with fewer syringyl units (0.29 mmol g™ ).
Hence, it can be concluded that the lignin source (not specified
by the company, TCI America) is softwood lignin. However,
within the circular economy framework, it would be advisable to
use hardwood (not softwood) waste biomass as source material
for lignin extraction because it contains a higher proportion of
phenolic OH groups, in particular syringyl units with methoxy
groups that are susceptible to modification, specifically catio-
nization in our case.

3.2. Characterization of cationic lignin

3.2.1. OH-groups in uncationized and cationized lignin.
After the alkaline lignin cationization, *'P NMR (Fig. 1) was used
to estimate the amount of aliphatic-, reactive phenolic-, and
carboxylic-OH groups with spectra integrated over chemical
shift ranges of 150.0-145.4 ppm, 144.5-137.0 ppm, and 136.0-
133.6 ppm, respectively.

The variation in the peak intensities of the various OH
groups, for both the unmodified and cLN, is illustrated in the
stacked *'P NMR spectra (Fig. 1), for sections of the spectra that

60
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Fig. 2 Zeta potential measured across a range of pH values for aLN,
cLN 922, and cLN 1516 mol% cationized lignin.
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correspond to those OH groups. The variation observed with the
OH-group types quantified in mmol g~ " (up to a 1516 mol%
dosage) was consistent with published studies, with an increase
in the aliphatic-OH groups due to the opening of the epoxy
ring,*® a decrease in the phenolic-OH groups, and only a slight
reduction of carboxylic-OH groups with varied GTAC dosage.

Estimated amounts of the various OH groups in the lignin
modifications are summarized in Table 2. The observed
reduction in the amount of phenolic-OH groups with GTAC
dosage confirms that the reaction site for the substitution by the
quaternary ammonium salt of GTAC was the phenolic group of
lignin. This agrees with Kong et al.*® (2015) and Acurio Cerda
et al.*> (2023). After this series of chemical modifications, the
zeta potentials were determined (Table 2). The 922 and
1516 mol% cLN were chosen for further testing because of their
positive zeta potentials at =neutral pHs. ALN was used as
a control in adsorption studies.

The variation of zeta potential with pH of cLN 922 and 1516
was used to determine the points of zero charge (pHp,). For cLN
922, the zeta potential ranged from +31.6 mV at pH 2.3 to

T sy

cLN 1516‘\
|——cLN 922
| aLN
' 35[00 I 3o|00 I 25]00 ' 20|00 ' 15l00 '
Wavenumber [1/cm]

U U
4000 1000 500

Fig. 3 Stacked FTIR spectra of unmodified and cationized lignin
modifications cLN 922 mol% and 1516 mol%.
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—10.4 mV at pH 10.1, and the point of zero charge was at pH 6.6.
For cLN 1516, the zeta potential ranged from +38.2 mV at pH 2.6
to 2.1 mV at pH 10.0, and the pH,. was not attained within this
range (Fig. 2).

The fact that the surface charge of cLN 1516 remains positive
shows that there was no pH environment where the surface
charge of the adsorbent was neutralized and therefore would
remove the adsorbate over a wide pH range. The zeta potential
of the unmodified aLN was = —44 at neutral pH and showing
that the chemical modification of the lignin was successful.
Hence, it was concluded that the charge of the cLN resulting
from GTAC derivatization is permanent and not pH dependent,
as later confirmed by the FTIR (Fig. 3); this is consistent with
conclusions drawn in similar research by Wahlstrom.*

3.2.2. FT-IR analysis. FTIR analysis of the cLN (922 and
1516 mol%) compared to the unmodified aLN revealed the
presence of new peaks (Fig. 3). Peak assignments for the FTIR
spectra were referenced from Pinto” and Wang.** The broad
peak at 3333 cm ™' is assigned to O-H stretching in the aliphatic
and phenolic compounds, with an enhanced intensity in the
cLN due to an increase in aliphatic OH groups from the opening
of the epoxy ring. The peaks at 2939 cm ' and 2840 cm™"
represent the C-H vibration of the methyl and methoxy groups,
respectively.

Absorption peaks at 1583 cm ™~ in both lignin types are
attributed to the C-H vibration of the aromatic ring. This
illustrates the existence of the aromatic skeletal structure in
both lignin types. The appearance of new absorption peaks at
1465 cm ™' in cLN 1516 was attributed to the stretching of the
symmetric-CH; in the quaternary ammonium compounds,**
while the IR peaks at 968 cm ™', and 910 cm ™" for the cLN are

1
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assigned to methyl and methylene groups linked to quaternary
ammonium atoms.*” This further demonstrates the successful
grafting of GTAC on lignin, similar to Kong®*® who studied the
cationization of kraft lignin. Furthermore, the peak at
1653 cm ™" in the cLN reflects the N-H bending in the ammo-
nium salt, while the peak at 814 cm ™' is attributed to C-H
deformations out-of-plane in positions 2 and 6 of the syringyl
units.

3.3. Phosphate and nitrate adsorption

3.3.1. Effect of lignin cationization on adsorption. The
phosphate and nitrate adsorption removal percentages with
cLN 1516 at pH 5 and 7 compared to that of aLN at pH 5 are
shown in Fig. 4. These pH values were selected to fall within the
range of the pH of final effluents. The high removal rate of
phosphate by cLN (~80%) can be explained by the electrostatic
interaction between the phosphates and the positively charged
surface of the cLN which would be enhanced by the further
protonation of the surface OH-groups in an acidic medium. We
found no difference in adsorption at the two pH values inves-
tigated for phosphates. On the other hand, the phosphate
adsorption by the unmodified aLN was less than 1% after 4
hours which could be explained by the electrostatic repulsion
between the negatively charged aLN surface and the phos-
phates. Nitrate removal with cLN 1516 at the two pH environ-
ments revealed a rather different trend as shown in Fig. 4 right.
Higher nitrate removal was achieved at pH 7. This could be
explained by the nitrate speciation; in aqueous media, it exists
as the NO; ~ and can be protonated at a lower pH decreasing its
availability for adsorption, unlike at a higher pH. A similar
trend was observed by Berkessa,* who suggested that it might be
due to the aqueous phase pH governing the dissociation of
active sorbent binding sites.

Based on these removal rates and titration results, cLN 1516,
which conserved a positive charge within the target pH range of
final effluent discharges,®® was selected as the lignin modifi-
cation for further adsorption experiments in the study.

3.3.2. Kinetic models and adsorption isotherms. Kinetic
models and adsorption isotherms are used to describe the
mechanism of adsorption and quantity of target adsorbate
trapped onto the surface of the material per unit weight, under
equilibrium conditions and at a constant temperature.** Among

Table 3 Isotherm and kinetic parameters for phosphate and nitrate removal
Isotherms Kinetics
Langmuir Freundlich PFO PSO
Adsorbate Parameter Value Parameter Value Parameter Value Parameter Value
Nitrates Gmax (Mg g 2 Kg 0.26 ge (mg g™ 0.82 ge (mgg™) 0.82
Ky (mL mg™) 0.09 1/n 0.53 Gecar (Mg g™ ") 0.23 Geca (Mg g™ ") 0.67
Ry, 0.92 R? 0.78 K; (min™") —4.18 x 107° K, (g (mg min™")™") 0.13
R 0.84 R 0.05 R 0.99
Phosphates Gmax (Mg 271 0.59 Ky 0.56 ge (mg g™ 0.25 ge (mg g™ 0.25
Ky (mL mg™) 2.87 1/n 0.6 Gecar (Mg g™ ") 0.05 Gecar (Mg g™ ") 0.22
Ry, 0.26 R? 0.95 K; (min™") -7.97 x 107° K, (g (mg min™")™") 5.05
R, 0.97 R? 0.6 R? 1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Phosphates and nitrates adsorption capacities and adsorbent dosages reported in the literature

Adsorption capacity

(mg g™

Adsorbent dosage

Adsorbent material PO, NO;™ (mg mL ") Reference
Mg-Fe oxide 28.3 NA NA 46
Local clay NA 5.1 20 3
Lanthanum-modified platanus biochar 148.11 0.4 47
Hybrid hydrated metal oxides
HFeO —-111 NA NA 48
HZrO —-92
HCuO —-74
Lanthanum-incorporated porous zeolite 17.2 NA 2 49
AL-PEI-La 65.79 NA 1.25 23
Tablet precipitation material (used cement) 3.81 NA 15 50
Solid waste residue (SWR) generated from Awash Melkassa 0.962 0.071 20 4
Aluminium Sulphate and Sulphuric Acid Factory
Raw corn stalks (RCS) 22.8833 13.6054 1 38
Hybrid anion exchange (HA520E-Fe) 12.45 58.6 1 51
La-biochar 36.06 NA 2 52
Amorphous lanthanum hydroxide 107.53 NA 2.5 53
Nanosize-dispersed ZrO, particles on 131.6 NA 0.5 54
zirconia-functionalized graphite oxide (ZrAGO)
Mg oak biochar (in situ) 64.6 NA NA 55
Mg GHW biochar (in situ) 65.1 NA NA 55
MgO-functionalized lignin-based bio-charcoal (MFLC) 295.91 NA 2 35
Zirconium(wv) loaded lignocellulosic butanol residue (LBR-Zr) 8.75 NA NA 24
Hydrous zirconium oxide-based nanocomposite HZO-201 28 NA 0.5 56
Magnetic bio-activated carbons (MBACS) 21.18 NA 6.67 57
Magnetic lignin-based nanoparticles (M/ALFe) 0.09 NA 20 13
Dolomite 0.30 NA 60 45
Hydroxyapatite 1.10 NA 20 45
Fe,0;-contained lignocellulose nanocomposite NA 26.12 4 10
Polymeric adsorbent (NDQ) NA 221.8 2 2
Pyrolyzed biochar NA 35.59 200 58
B/Mg400 138 NA 16.6 59
Cationic alkaline lignin (present study) 0.59 2 2 Present study

the Langmuir and Freundlich isotherms used to describe the
isotherms, the Langmuir isotherm was found to describe
phosphate and nitrate adsorption better, with R* values of 0.97
and 0.84 respectively (Table 3), indicating monolayer adsorp-
tion on a homogenous surface. In addition, the values of the
separation factor Ry, which describes the nature of adsorption,
were 0.26 and 0.92 respectively, and fall within the range 0 <Ry, <
1 indicating that the adsorption process was favorable*** under
these specific conditions. Comparing the Ki, values, a higher
value for the phosphates indicated a stronger adsorbent affinity
for the phosphates than for nitrates. We also noticed that for
phosphates, the data fit the Freundlich isotherm model with an
R? of 0.95 suggesting that both homogenous and heterogeneous
adsorbent surfaces were involved in phosphate adsorption.
Similar results were reported by ref. 4 using solid waste residue
for the simultaneous removal of phosphates and nitrates.

We assessed the pseudo-first- and second-order kinetic
models with cLN 1516 at room temperature and neutral pH. The
adsorption process was fast over the first 30 minutes but then
flattened, possibly due to the saturation of adsorption sites. The
adsorption kinetics revealed that phosphate and nitrate

1728 | Environ. Sci.: Adv., 2024, 3, 1722-1734

sorption onto cLN was better described by the pseudo-second-
order model, which had a correlation coefficient close to unity
as shown in Table 3. This was further supported by the fact that
the estimated g, values were close to the experimentally deter-
mined g o values. Hence, the adsorption process was governed
by electron exchange on the adsorbent surface with the adsor-
bate (chemisorption).

The adsorption capacities for phosphates and nitrates by
various materials modified under various conditions is
summarized in Table 4. The adsorbents that have not been
modified with inorganic metallic components®*** display
comparable adsorption capacities in the same range as our
cationic lignin. The advantage of our system is that these
adsorption capacities were obtained at only 2 mg mL ™" adsor-
bent dosage. This demonstrates the feasibility of the applica-
tion of the proposed material for tertiary-stage wastewater
treatment and the potential as a plant fertilizer source following
the circular economy approach. With optimization, the
adsorption capacities can be attained as shown in Section 3.3.3.

3.3.3. Effects of cLN adsorbent dose and initial adsorbate
concentration. Doehlert's design allowed for the modeling and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 2-parameter Doehlert matrix for adsorbent dose and ion concentration, and resulting removal percentages

Phosphates Nitrates
Exp't # Ads dose (mg mL™") Conc. (mg L) Removal% Conc. (mg L) Removal%
1 6 50.25 10.30 £ 2.37 13.6 32.10 £ 3.13
2 10 50.25 24.93 + 0.94 13.6 52.40 £ 7.83
3 2 50.25 4.76 + 1.57 13.6 13.28 £ 2.61
4 8 100.00 10.26 £ 0.18 24.1 28.42 £ 3.23
5 4 0.50 82.91 £ 0.76 3.0 35.00 £ 2.36
6 8 0.50 90.06 + 3.28 3.0 76.67 £ 4.71
7 4 100.00 0.92 + 0.31 24.1 21.78 £ 2.64
A
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Fig. 5 (A) Actual vs. predicted responses; (B) effect of adsorbent dose and
initial concentrations on removal percentage; (C) contour plots for phos-
phate and nitrate adsorption according to Doehlert's experimental design.

25 min. As expected, the highest adsorbent dose had the highest
removal rate for the lowest phosphate and nitrate concentra-
tions (Table 5).

Multiple regression analysis applied to the experimental
data showed that the model was statistically significant with p-
values less than 0.05 (Table 5) for both phosphates and nitrates.
The following equations were generated to represent phos-
phates (eqn (9)) and nitrates (eqn (10)) removal percentages:

Yp=284.12 — 1.31X; — 2.25X, + 0.28X,% + 0.01.X,% + 0.01.X; X,(9)

Table 6 Model coefficients and corresponding significance values estimated by regression analyses

Phosphates Nitrates

Parameter Coefficient STD error p-Value Coefficient STD error p-Value
Intercept 84.12 3.874 2.13 x 10°° 1.62 11.266 0.8894
X, -1.31 1.204 0.3066 10.34 3.0241 0.0091¢
X, —2.25 0.061 3.29 x 10104 —0.96 0.8277 0.2804
X, 0.28 0.096 0.0179% 0.05 0.2353 0.8495
X,> 0.01 5x10°* 1.59 x 107°* 0.07 0.0254 0.0200"
XX, 0.01 0.006 0.4074 —0.42 0.0728 0.0005°
Overall p-value 3.87 x 10" 4.86 x 10°°

Adjusted R* 1 0.96

“ Significant at p < 0.05.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Yn = 1.62 + 10.34X, — 0.96X, + 0.05X,> experimental values® for both phosphates and nitrates (Fig. 5A)
+0.07X,% — 042X, X5 (10) with regression coefficient R? values of 1.00 and 0.97
respectively.
Clustering points around the diagonal indicate a good fit and The significance of the model coefficients at the 95% confi-

validate the model with the plot of predicted versus dence interval was determined using the Student's t-test as

™00pm ! Mg ™00pm ! K 00pm !

Ca

Fig.7 SEM/EDS image of elemental mapping of cLN 1516 after adsorption showing (a) electron image and (b) area EDS spectrum of the labelled
elements.
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summarized in Table 6. On the one hand, the interaction
between the adsorbent dose and phosphate concentration is
insignificant. However, the phosphate concentration is signifi-
cant in the first and second order, while the adsorbent dose is
only significant at the second order. This means that the
adsorbent dose does not affect phosphate removal significantly
when considered linearly unlike the phosphate concentration
where a small variation would influence the phosphate removal
considerably. On the other hand, the interaction between the
adsorbent dose and nitrate concentration is significant. Varia-
tions in adsorbent dose would affect the nitrate removal
considerably when considered linearly but not at the second-
order level. The nitrate concentration is significant only at the
second-order level.

From the response surface plots, it can be deduced that
adsorption sites reached saturation quickly, with little or no
adsorbate retention as the exchange sites were overwhelmed
(Fig. 5B). Exploiting the vicinity of optimum from the contour
plots (Fig. 5C), the optimum conditions for phosphate removal
were an adsorbent dose of 5 mg mL™" and a phosphate
concentration of 0.5 mg L ™" while the corresponding optimum
conditions for nitrates were 10 mg mL " and 4.1 mg L™". The
theoretical removal percentages corresponding to these
optimum points for phosphates and nitrates were 83.54% and
89.94% respectively while the experimental removal percent-
ages were 92.66% and 80.95% respectively. After verification,
the percentage difference between the theoretical and experi-
mental data for phosphates was 9.842% and for nitrates was
9.996%. The fact that both differences were <10% validated the
model and further confirmed that cLN 1516 mol% is highly
effective at low phosphate and nitrate concentrations with
adsorption capacities of 1.15 mg g " and 8.5 mg g~ . Since our
target is final effluent, which usually has lower ion concentra-
tions after primary and secondary treatments (TN: 15-35 mg L™
and TP: 4-10 mg L™ "), our cLN functions well within that range
as a tertiary treatment but would not be effective for systems
with higher concentrations.

3.3.4. Treatment of South Baton Rouge (SBR) WWTP
effluent. The SBR WWTP was built in 1958 and upgraded in
2018 with a design capacity of 205 million gallons of wastewater
and employs an additional layer of treatment using an aeration
tank. After treatment, the water from the plant is discharged
into the Mississippi River. The estimated phosphate concen-
trations of the final effluent of the first set of samples collected
from SBR WWTPs was 0.42 mg L™, while nitrate concentration
was 4.1 mg L™'. Their corresponding native pH was 6.37.
According to the United States Environmental Protection
Agency (USEPA), before discharging into receiving waters,
WWTP effluent concentrations of total phosphorus (TP) and
total nitrogen (TN) should be maintained below 0.2 mg L' and
2 mg L' respectively.®*2

Results from the adsorption experiments carried out on the
SBR WWTP using the experimentally determined (see Section
3.3.3) optimum adsorbent dose of 10 mg mL™' showed
a significant reduction of nutrient loads of 57.7% and 43.9% for
phosphates and nitrates respectively. These effluent samples,
present contain several types of pollutants such as chlorides,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sulfates, and carbonates at varied concentrations; they probably
competed with phosphates and nitrates for the adsorption sites,
thereby limiting the adsorption of the phosphates and nitrates
to the observed 57.7% and 43.9%. We could not report the
averages because the subsequent set of SBR WWTP samples
collected had low initial phosphate and nitrate concentrations
(0.03 mg L' and 0.67 mg L™ respectively) and were below
detection limits after adsorption. This aligns with conclusions
from the Doehlert experiments that the lower the concentra-
tion, the higher the removal percentage.

3.4. Morphological and elemental analysis

SEM imaging of aLN (Fig. 6A) and cLN 1516 (Fig. 6B) was per-
formed to highlight their characteristic morphological differ-
ences. Compared to aLN, cLN 1516 had more irregular, porous,
and random shapes with more available surfaces for interaction
with adsorbates.

Elemental mapping by SEM/EDS of the adsorbent after
adsorption revealed its surface elemental composition (Fig. 7).
As expected, the typical chemical constituent elements in
wastewater as reported by Chang's group® are present on the
adsorbent surface displayed by the EDS mapping. Most of these
elements (Ca, Mg, Na, K, S) are common in the natural envi-
ronment while trace elements such as Cu come from domestic
wastewater. The confirmation of the presence of other anions
on the adsorbent surface further confirms that they compete for
adsorption sites thereby limiting the adsorption of phosphates
and nitrates.

4. Conclusions

High nutrient loads of wastewater treatment plant effluents
released into natural waters hinder the attainment of water
quality standards. In our study, alkaline lignin was chemically
modified to provide the positive charge needed for removing
anionic pollutants from wastewater. The structure of the func-
tionalized lignin polymer was confirmed with NMR, FTIR, and
SEM/EDS. The most promising cationic lignin modification
variant was further tested in adsorption experiments to deter-
mine its efficacy for removing phosphates and nitrates from
wastewater. Nitrates and phosphates were chosen because not
only they are predominant pollutants in effluents from water
treatment plants but also macronutrients that can be applied as
fertilizers after removal. A 2-dimensional Doehlert matrix was
used to model the effects of initial concentration and adsorbent
dose on phosphate and nitrate removal, and we showed that
cLN 1516 was most effective at low phosphate and nitrate
concentrations. With an experimentally determined optimum
adsorbent dose of 10 mg mL™", we reduced nutrient loads with
removal of 57.7% and 43.9% for phosphates and nitrates
respectively. Our research demonstrates that lignin, a byprod-
uct of the pulp and paper industry, can be repurposed as
a wastewater remediation material with possible application as
a plant nutrient source, thereby closing the circular economy
loop.
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