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ABSTRACT: Valorization of algal biomass to fuels and chemicals frequently
requires pretreatment to lyse cells and extract lipids, leaving behind an extracted
solid residue as an underutilized intermediate. Mild oxidative treatment (MOT) is a
promising route to simultaneously convert nitrogen contained in these residues to
easily recyclable ammonium and to convert carbon in the same fraction to biofuel
precursor carboxylates. We show that for a Nannochloropsis algae under certain
oxidation conditions, nearly all the nitrogen in the residues can be converted to
ammonium and recovered by cation exchange, while up to ∼20% of the carbon can
be converted to short chain carboxylates. At the same time, we also show that
soluble phosphorus in the form of phosphate can be selectively recovered by anion
exchange, leaving a clean aqueous carbon stream for further upgrading.
KEYWORDS: Algae, Biomass, Nutrient recovery, Wet oxidation, Ion exchange, Biofuel

■ INTRODUCTION
Algal biomass is a sustainable carbon source capable of
advancing decarbonization efforts in the fuel and chemical
industries. Algae are known for their capacity to produce large
quantities of energy-dense lipids,1 the extraction and
conversion of which is a central point in many algal biorefinery
designs. Extraction residues are rich in nitrogen and
phosphorus, making the development of efficient nutrient
recovery methods from them necessary for a sustainable algae
industry.2 To our knowledge, the only published strategies for
nutrient recovery from extracted algal biomass have focused on
anaerobic digestion (AD)3−10 to produce a nutrient-rich
aqueous digestate suitable for recycling to cultivation ponds.
AD also generates biogas which can offset some energy
demand of the algal biorefinery.11 However, AD of extracted
algae has some limitations, including limited throughput and
sensitivity to methods used for the initial pretreatment and
lipid extraction processes. Therefore, we were motivated to
explore alternative methods for nitrogen and phosphorus
nutrient recovery and carbon valorization from extracted algae
residues.
Extracted algal residues are produced in fractionation-based

approaches to algal conversion, such as the combined algal
processing (CAP) pathway.12,13 CAP uses a dilute acid
pretreatment and solvent extraction to fractionate wet algal
biomass into three distinct intermediate phases: an organic
solvent containing extracted lipids, an aqueous hydrolysate
enriched with soluble carbohydrates and proteins, and a
residual solid phase comprised of the extracted algal residues.14

Processes to convert extracted lipids into renewable hydro-

carbon fuels and non-isocyanate polyurethanes and ferment
aqueous hydrolysates into other bioproducts are established,
but the valorization of residual extracted solids remains
underdeveloped.13,15,16 These solids, often viewed as a lower-
value substrate due to their high content of non-food-grade
protein, contain substantial amounts of nitrogen and
phosphorus, primarily bound in proteins and complex
polyphosphates.17 To extract and recover nitrogen and
phosphorus nutrients from these solids, we developed a
process using oxidation to convert these nutrients into ionic
forms, making them suitable for recovery through ion exchange
techniques.
Selective oxidative deamination of amino acids in extracted

algae residues has been proposed as a method to enable
nutrient recovery, yet remains undemonstrated.12 In physio-
logical systems, amino acids can undergo oxidative deami-
nation, producing ammonium and a carboxylate one carbon
shorter than the parent amino acid.18,19 This mechanism is the
primary pathway for amino acids with alkane side chains;
additional pathways exist for more complex side chains, and
the products may also be subsequently converted to smaller
acids and CO2. These reports use Fenton’s reagent to generate
hydroxyl radicals to initiate oxidation. Similar radicals are
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believed to initiate noncatalytic wet air oxidation processes in
high-temperature water,20 and amide bonds are also cleaved
under these conditions, promoting protein depolymerization.21

Therefore, we hypothesized that partial wet air oxidation under
relatively mild conditions, or mild oxidative treatment (MOT),
of extracted algae solids could convert proteins to ammonium
and a mixture of carboxylates while concurrently hydrolyzing
polyphosphates. This process is expected to extract nutrients
from algal residues, converting them into ionic forms to
simplify their subsequent recovery.
Although techniques to recover ammonium and phosphate

from aqueous systems are well-established, not all are suitable
for a biorefinery setting. Struvite precipitation, air stripping,
and adsorption rank among the leading options for nutrient
recovery from wastewater.22 However, air stripping requires an
alkaline environment to shift equilibrium toward gaseous NH3,
which may be suboptimal given the acidic nature of solutions
generated by acid pretreatment in the CAP process.
Precipitation methods are also pH-sensitive, and the presence
of interfering carboxylate ions can compromise recovery
yields.23,24 Given these constraints, ion exchange stands out
as a promising nutrient recovery technique. Ion exchange
operates through the reversible exchange of charged species
between a stationary matrix and a mobile phase, enabling the
targeted extraction of ions from the mobile phase onto the
matrix.25 Subsequently, the ions can be recovered from the
matrix and collected in the effluent during a regeneration cycle,
providing a straightforward, sustainable, and cost-effective
pathway for nutrient recycle.26 Therefore, we further
hypothesized that the ionic ammonium and phosphate would
be amenable to selective recovery from the MOT product

liquor, while the mixture of carboxylates would be amenable to
valorization as sustainable aviation fuel through ketonization,
condensation, and hydrogenation.11,27

This study investigates the integrated production of
ammonium nitrogen, phosphate, and short chain carboxylates
through MOT of extracted algae solids, summarized schemati-
cally in Figure 1. Nitrogen, expected to be present as
ammonium (NH4+) in the form of ammonium carboxylate
salts after MOT, is targeted for recovery by cation exchange.
Phosphorus, presumed to be present as phosphate anions
(PO43−, HPO42−, and H2PO4−), is aimed to be selectively
recovered by anion exchange. The integration of MOT with
ion exchange presents a new approach to nutrient recovery and
carbon valorization from extracted algal solids.

■ MATERIALS AND METHODS
Preparation of Extracted Algae Solids. Nannochloropsis sp. was

donated by an industrial partner as a dry algal flake and stored at 4 °C
prior to processing. The biomass was processed as described
previously.28 Briefly, the extracted solids were prepared by dilute
acid pretreatment of a 20 wt % algal biomass slurry with 1 wt %
H2SO4 (g/g algal biomass) at 175 °C for 15 min in a Zipperclave
reactor. The acidified pretreated slurry was separated by centrifuga-
tion, and lipids were extracted from the pretreated solids by a mixture
of ethanol and hexane. The extraction process used a mass ratio of
pretreated solids:hexane:ethanol of 3:3:1 and was conducted at room
temperature for 2 h per extraction. Following extraction, the mixture
was centrifuged and the organic phase removed. The resulting
extracted algae solid solids were sequentially dried under air and in a
vacuum oven at 40 °C, ground to <20 mesh in a Wiley mill, and
stored in a freezer at −20 °C until use.
Compositional Analysis. The Nannochloropsis extracted solids

were analyzed for ash, lipid (as fatty acid methyl esters), and

Figure 1. Schematic representation of the conversion of nutrients in extracted algae into recoverable ammonium and phosphate via MOT, followed
by their subsequent separation and recovery using ion exchange resins. Key reactions in each stage are highlighted: (I) oxidative deamination of
aliphatic amino acids; (II) hydrolysis of polyphosphates; (III) recovery of ammonium on a sulfonic acid functionalized strong acid cation exchange
resin; (IV) recovery of phosphate on a tertiary amine functionalized weak base anion exchange resin.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c02658
ACS Sustainable Chem. Eng. 2024, 12, 8573−8580

8574

https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c02658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


carbohydrates based on National Renewable Energy Laboratory
standard Laboratory Analysis Procedures (LAPs).29−32 Briefly, ash
content was determined by combusting the substrate,30 lipids were
determined using an in situ transesterification procedure,31 and total
carbohydrate content was determined through a two-stage hydrolysis
procedure, followed by HPLC analysis.32 The total carbon, hydrogen,
and nitrogen content of the samples was determined by combustion
using a LECO TruSpec CHN module. Total phosphorus was
determined by ICP after acid digestion (US EPA 200.7). The amino
acid profile was determined after acid hydrolysis by ion exchange
chromatography with postcolumn ninhydrin derivatization (AOAC
994.12). All values are reported as weight percent of the dry sample.
MOT Reactions.MOT reactions were carried out on a series 5000

multiple reactor system from Parr Instruments. This setup included
six 75 mL batch reactors in parallel with temperature, pressure, and
magnetic stirring controls for each vessel. In a typical reaction,
extracted algal solids were mixed with 25 mL of deionized water to
achieve the desired solids loading (20−200 g/L). The slurry was
loaded into a 316 SS batch reactor, along with a stir bar. The reactors
were purged with ultrahigh purity (UHP) helium three times and
then leak tested. Upon passing a leak test, reactors were depressurized
to 1 bar of He. Reactors were then heated to the desired temperature
(175−250 °C) at which point the desired partial pressure of oxygen
(1−8 bar) was introduced to the system by adding UHP zero air,
marking the 0 min time point for these reactions. Adding the oxidant
at temperature was done to avoid oxidation effects during heat up,
which typically took around 30 min. The reaction proceeded for the
desired time (5−60 min) after the addition of oxygen, at which point
the reactors were quenched in an ice bath. Once cool, reactors were
depressurized, and the product solution was vacuum filtered to
separate residual oxidation solids from the MOT liquor. The
postoxidation solids were further dried in a vacuum oven at 40 °C
prior to analysis.
Ion Exchange Studies. Amberlite IRC-120 H (hydrogen form)

was purchased from Sigma-Aldrich, and Amberlite IRA-67 was
purchased from GFS Chemicals. Both resins were washed with UHP
water until the pH of the effluent was neutral in order to remove
surface impurities. After washing, resins were dried in a vacuum oven
and stored in a desiccator until use. Ion exchange reactions were
carried out in batch mode at room temperature under gentle stirring.
After each ion exchange step, the ion exchange material was recovered
from the solution by centrifugation, and an aliquot of the ion
exchanged solution was reserved for analysis.
Product Analysis. Total nitrogen was quantified by combustion

analysis or by N chemiluminescence (ASTM D4629), depending on
the level. Total phosphorus was determined by ICP after acid
digestion (US EPA 200.7). Aqueous organic products, including
amino acids, carboxylates, and ammonium, were analyzed by a propyl
chloroformate (PCF) derivatization, followed by GC−MS analysis.
The derivatization procedure was a modified version of Villas-Bôas et
al.’s methyl chloroformate (MCF) derivatization wherein PCF and 1-
propanol were substituted for MCF and methanol, and derivatized
compounds were extracted into diethyl ether rather than chloro-
form.33 These modifications facilitated separation of derivatized
formic and acetic acid from each other and from the solvent peak.
Kaspar et al. had previously demonstrated the efficacy of PCF as a
derivatizing agent for the analysis of free amino acids.34 An Agilent
6890 GC coupled with a 5973 mass selective detector (MSD)
equipped with a 30 m, 0.25 mm i.d. RTX-50 capillary column was
used for the GC−MS analyses. The initial oven temperature was set
to 50 °C and then increased to 140 °C at a rate of 7 °C/min. The
ramp rate was then increased to 12 °C/min until the temperature
reached 300 °C, where it was held for 5 min. The flow through the
column was 1 mL of He/min. The injection volume was 1 μL, and the
split ratio was 1:20. An internal standard of D7-butyric acid and D3-
alanine was added to the analyte prior to derivatization and used for
quantification of the derivatized carboxylate and amino acid peaks,
respectively.

■ RESULTS AND DISCUSSION
Compositional Analysis of Extracted Algae. After

dilute acid pretreatment and lipid extraction, the remaining
extracted algae solids were collected, lyophilized, and analyzed.
The upstream processes effectively extracted the majority of
carbohydrates and lipids from the biomass, leaving behind a
solid residue consisting mostly of protein and ash, as reported
in Table 1. The low mass closure of the compositional analysis

indicates that some of the components were likely degraded
during pretreatment, producing derivatives that were not
recognized. A detailed breakdown of the lipid, protein, and
carbohydrate profiles is provided in the Supporting Informa-
tion Tables S1−S3. Notably, by summing quantifiable amino
acids, it is apparent that 28% of the carbon and 55% of the
nitrogen in the extracted solids are present as protein. Due to
the low mass closure from the compositional analysis, we
conservatively report MOT product yields based on molar
amounts of carbon, nitrogen, or phosphorus in the extracted
algae solids.
MOT of Extracted Algae. The product profile in the

MOT liquor over the course of a typical MOT of extracted
algal solids is shown in Figure 2. The 0 min time point reflects
conditions as the reactor reaches the desired temperature but
prior to the addition of air. Both ammonium and alanine are
detected at this point, likely due to algal protein hydrolysis in
subcritical water during heat-up.35 Upon introducing oxygen,
carboxylate and additional ammonium production begins,
coupled with a reduction in alanine concentrations, leaving no
amino acids after 10 min. Subsequently, ammonium remains as
the only nitrogenous product, while detected carboxylate
products are distributed across formate, acetate, propionate,
and succinate. Product concentrations increase over time,
reaching molar yields of 80 mol % nitrogen for ammonium and
10 mol % carbon for carboxylates by the 40 min mark.
Ammonium concentrations are stable beyond this point, but
carboxylates exhibit signs of degradation, likely lost as
CO2.

36,37

The origin of MOT products, whether via the oxidation of
hydrolyzed amino acids or from other biomass components,
remains uncertain. Ammonium yields exceed individual protein
and non-protein nitrogen content of the extracted solids,
suggesting origins from both biomass fractions. In contrast,
carboxylate yields are lower. The oxidation of both protein and
non-protein fractions can produce acids, yet inherently results
in some carbon lost as CO2. A first-order approximation based

Table 1. Composition and Elemental Profile of the
Extracted Nannochloropsis Solids Used for the MOT
Reactions

compositional analysis (wt %)

lipids 3.6
carbohydrates 1.5
proteinsa 27.7
ash 35.5

elemental analysis (wt %)

carbon 37.3
hydrogen 5.2
nitrogen 5.8
phosphorus 0.7

aCalculated as 4.78 × N.
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on quantified amino acids predicts a theoretical yield of 20 mol
% carbon to carboxylates from the protein fraction. Predicting
carbon yields from non-protein fractions is more complex.
Kinetic models for wet oxidation processes sometimes
categorize carbon into “fast” reacting fractions, which quickly
convert to CO2, and “slow” reacting ones that form refractory
acids like acetic acid.38 Matching these fractions with specific,
measurable compositions, however, remains challenging.
We further surveyed several MOT reaction conditions by

varying temperatures from 175 to 250 °C, oxygen partial
pressures from 1 to 8 bar, and solid loading from 20 to 200 g/
L. These selected conditions represent a milder regime for the
oxidation process relative to conventional wet oxidation
processes, ideally leading to the stabilization of intermediate
acids rather than their deconstruction. A selection of results,
taken after 40 min reaction time, is displayed in Figure 3.
Temperature effects on ammonium yields (Figure 3A,B) were
negligible above 200 °C, with yields reaching around 80 mol %
nitrogen in all cases. Carboxylate yields were similarly
insensitive to temperature changes with a maximum yield of
about 10 mol % carbon, though at higher temperatures

carboxylate concentrations peaked before 40 min and degraded
over time, particularly with regards to the loss of formic acid.
Neither ammonium nor carboxylate yields were majorly

affected by increased oxygen partial pressures beyond a
minimal threshold of 2 bar O2 (Figure 3C,D). Kinetic models
for the wet oxidation of carboxylates typically report ∼0.5
reaction order with respect to the dissolved oxygen
concentration,36 and transfer of oxygen from the gaseous to
the aqueous phase is not considered a rate limiting step.38

Therefore, we suspect that the process may be limited by the
hydrolysis of the extracted solids, given the insensitivity to
changes in oxygen pressures. To further investigate this, MOT
was carried out at increasing solids loading up to 200 g/L
(Figure 3E,F). It was found that both nitrogen and carbon
product yields decreased with increasing solids loading down
to just 2 mol % to carbon products and 40 mol % to nitrogen
products at a 200 g/L extracted solids loading, reinforcing the
idea that mass transfer of the solid to the aqueous phase was
the limiting step in MOT of extracted algae solids.
To address these limitations, 1 wt % H2SO4 was added to

the extracted algal slurry prior to MOT in order to improve
solubilization of the substrate. Yields to aqueous phase
products increased with the addition of acid, with the yields
to ammonium reaching 94 mol % nitrogen and yields to
carboxylates nearly doubling to 19 mol % carbon, with a
notable increase in the amount of acetate produced. Table 2
provides a complete breakdown of the product spectrum with
and without the addition of acid. Further ICP analysis of the
acid-treated MOT liquor showed that 77% of total phosphorus
contained in the original solids was extracted into the aqueous
phase under these conditions.
Given their efficacy, these conditions were chosen to

demonstrate the integrated nutrient recovery process, prompt-
ing further analysis to ensure closure of carbon, nitrogen, and
phosphorus mass balances as reported in Figure 4. Remarkably,
TOC analysis revealed that the MOT liquors contained 60% of
the total of the carbon in the algal solids, even though only
19% was identifiable as carboxylates in the aqueous phase. The
nature of the remaining 41% of carbon in the aqueous phase is
yet to be determined, as it was not identifiable as protein,
carbohydrates, or lipids in compositional analysis. The
postoxidation solids retained 6% of the initial carbon which
similarly was not identifiable by compositional analysis. It is
assumed that the unaccounted 34% of carbon was lost as CO2.
The nitrogen balance was near quantitative, with 94% of
nitrogen detected in the aqueous MOT product as ammonium
and 5% of nitrogen remaining in the postoxidation solids.
Phosphorus was distributed between the aqueous (77%) and
solids phases (16%) with the remaining 7% of phosphorus
unaccounted for in the mass balance.
Nutrient Recovery by Ion Exchange. Nutrient recovery

from the aqueous phase generated by MOT of extracted algae
solids was done in two steps: cation exchange for ammonium
nitrogen recovery and anion exchange for phosphate recovery.
We opted to use Amberlite IRC-120H, a strong acid cation
exchange resin, for ammonium recovery, and Amberlite IRA-
67, a weak base anion exchange resin, for phosphate recovery.
Relevant characteristics of each ion exchange material are
reported in Table 3. These resins were selected based on their
documented performance in recovering ammonium and
phosphate.39,40 Moreover, their optimal performance around
a pH of 5.5, the native pH of the MOT solutions, allows for

Figure 2. Product distribution during MOT of extracted algae solids,
illustrating nitrogenous (A) and carbonaceous (B) products in the
MOT liquor over time. The bar chart on the left y-axis shows product
selectivity. The line chart on the right y-axis shows combined yields as
the ratio of moles of nitrogen or carbon in products to those in
extracted solids. Error bars show the standard deviation of combined
molar yields. Reaction conditions: 0.5 g of dry solids, 25 mL of H2O,
200 °C, 2 bar O2 partial pressure added upon reaching reaction
temperature, 40 min reaction time. Corresponding numeric data and
product concentrations are included in Supporting Information
Tables S4 and S5.
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their direct use without requiring any additional conditioning
of the MOT solutions.
We initially benchmarked the performance of these resins

using pure component solutions. Both resins measured
adsorption capacities for ammonium and phosphorus matched
reported values within error. To simulate conditions closer to
those in a column setup, where the solution contacts an excess
of resin, a load of 100 mg/mL was used in the batch ion
exchange studies. This load is expected to remove both
ammonium and phosphate while also offering insight into
removal of nontarget compounds like carboxylates.
Ion exchange experiments with authentic MOT liquors,

depicted in Figure 5, indicated diminished recovery efficiency
by the cation exchange resin. The cation exchange process
removed 88% of ammonium. The decrease in performance
may stem from competitive adsorption by other cations
present in the MOT liquor. Algae cultivated in saltwater retain

cations that make up a portion of the ash content. These
cations could hinder adsorption due to their affinity for the
cation exchange resin.41 Notably, the cation exchange resin
showed no significant impact on the concentration of
carboxylates, enabling the selective recovery of ammonium in
the presence of carboxylates.
Anion exchange recovered 92% of phosphorus. It is possible

that not all phosphorus present in the MOT liquors is in the
form of phosphate and may exist in some speciation that would
not interact with the ion-exchange resin. Additionally, some
carboxylates were removed. Although anion exchange resins
can be used for carboxylic acid recovery, the mechanism

Figure 3. Product distribution during MOT of extracted algae solids illustrating nitrogenous (A, C, E) and carbonaceous (B, D, F) products in the
MOT liquor at various temperatures (A, B), oxygen partial pressures (C, D), and solid loadings (E, F). The bar charts on the left y-axes show
product selectivity. The line charts on the right y-axes shows combined yields as the ratio of moles of nitrogen or carbon in products to those in
extracted solids. Error bars show the standard deviation of combined molar yields. Reaction conditions unless otherwise noted: 0.5 g of dry solids,
25 mL of H2O, 200 °C, 2 bar O2 partial pressure added upon reaching reaction temperature, 40 min reaction time. Corresponding numeric data
and product concentrations are included in Supporting Information Tables S6−S11.

Table 2. Yields to Aqueous MOT Products with and without
the Addition of H2SO4 To Promote the Solubilization of the
Substratea

compound no acid 1 wt % H2SO4
Carbon Yield (mol % C)

formate 3.0 4.2
acetate 2.9 8.8
propionate 1.6 3.3
succinate 2.4 2.7

Nitrogen Yield (mol % N)
ammonium 81.0 94.5

aReaction conditions unless noted: 0.5 g of dry solids, 25 mL of H2O,
200 °C, 2 bar O2 partial pressure added upon reaching reaction
temperature, 40 min reaction time.

Figure 4. Distribution of carbon, nitrogen, and phosphorus in solid
and aqueous phases after MOT of extracted algae solids. The carbon
not accounted for in the mass balance is assumed to be lost as CO2.
Reaction conditions: 0.5 g of dry solids, 25 mL of H2O, 1 wt %
H2SO4, 200 °C, 2 bar O2 partial pressure added upon reaching
reaction temperature, 40 min reaction time.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c02658
ACS Sustainable Chem. Eng. 2024, 12, 8573−8580

8577

https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02658/suppl_file/sc4c02658_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02658?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c02658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


primarily involves hydrogen bonding of the protonated acid
with the resin, rather than ion exchange of the carboxylate.42

Given the MOT solution pH, while the anionic carboxylates
are the dominant speciation, some protonated acids are still
present. A more selective phosphorus removal may be possible
in more alkaline conditions.
Integrated Process Summary. Building on the MOT and

ion exchange experiments, an integrated process to recover

nutrients from extracted algae solids was demonstrated. MOT
was conducted at a 20 g/L loading of extracted algae solids at
200 °C for 40 min under 2 bar partial O2 pressure, with
addition of 1 wt % H2SO4 added to promote solubilization of
the substrate. The resulting MOT liquor is previously
characterized in Table 2. After MOT, this product solution
was filtered and ion exchanged to recover nutrients. Ion
exchange involved two sequential cation and anion exchange
steps to recover nitrogen as ammonium and phosphorus as
phosphate. The process flow and performance summary are
illustrated in Figure 6.
The resins performed similarly in the integrated process as in

the standalone tests, as reported in Figure 4. In summary, the
integrated process was able to recover 84% of the nitrogen in
the extracted algae as ammonium and 69% of the phosphorus.
At the same time, 54% of the carbon in the extracted solids was
retained in the ion-exchanged MOT liquors, 14% of which was
identified as carboxylates. Nutrient recovery on synthetic resins
implies the need to regenerate the resin for recovery of
nutrients and reuse of the resin. The regeneration and
reusability of ion exchange resins have been demonstrated
for many similar resins in numerous prior publications.43−45

For instance, regeneration of the cation exchange resin
typically employs aqueous H2SO4 solution, eluting aqueous
(NH4)2SO4. Preliminary experiments with the present resins
showed the expected behavior and suggested that, though the
process was not optimized in the present experiments, existing
commercial technology should suffice for resin regeneration.

Table 3. Characteristics of Ion Exchange Materials Used for the Recovery of Nutrients from MOT Liquors

name resin type functional group exchange capacity (mg/g) [compound]

Amberlite IRC-120H cation exchange sulfonic acid 31.5 [ammonium]39

Amberlite IRA-67 anion exchange tertiary amine 126 [phosphate]40

Figure 5. Removal of nutrients and organic acids from MOT liquors
by ion exchange resins. Ion exchange conditions: batch process, 100
mg/mL resin load, 60 min contact time, and 100 rpm stir rate. MOT
conditions: 0.5 g of dry solids, 25 mL of H2O, 1 wt % H2SO4, 200 °C,
2 bar O2 partial pressure added upon reaching reaction temperature,
40 min reaction time.

Figure 6. Sankey diagram showing elemental flows during the integrated MOT-ion exchange nutrient recovery process. Flows are expressed as the
percentage of each element in the extracted algae solids distributed among product phases after sequential MOT, cation exchange, and anion
exchange operations. MOT conditions: 0.5 g of dry solids, 25 mL of H2O, 1 wt % H2SO4, 200 °C, 2 bar O2 partial pressure added upon reaching
reaction temperature, 40 min reaction time. Ion exchange conditions: batch process, 100 mg/mL resin load, 60 min contact time, 100 rpm stir rate.
*Assumed by closing the carbon mass balance.
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There are several options for further valorizing the residual
carbon stream, which will be explored in future work. While
carboxylates are not currently produced in sufficient quantities
to justify a ketonization upgrading approach, future yield
enhancements might make this feasible. Alternatively, aqueous
carbon may be a useful substrate for fermentation processes,
especially ones in which a high carbon-to-nitrogen ratio is
desirable, such as those using oleaginous yeasts. While the
MOT and ion exchange process was applied to extracted algae
solids in this study, it may also be useful to valorize and recover
nutrients from other proteinaceous waste streams.

■ CONCLUSIONS
Nutrient recovery in algae biorefining is necessary to support a
sustainable algae industry at the scales required to promote
decarbonization efforts. We demonstrated a proof-of-concept
process for the recovery of nitrogen and phosphorus from
extracted algae residues generated in fractionation-based algal
biorefinery designs. The process used partial wet air oxidation
under mild conditions (termed mild oxidative treatment or
MOT) to convert nutrients bound in algae residues to an easily
recoverable aqueous form. Sequential ion exchange over
commercially available cation and anion exchange ion
exchange resins effectively recovered ammonium and phos-
phate nutrients from MOT liquors. After ion exchange, MOT
liquors retain soluble organic carbon products, including
carboxylates, which are promising substrates for further
valorization. This work establishes a baseline for a new process
for nutrient recovery and carbon valorization from the
extracted algae residues.
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