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ABSTRACT: Uncontrolled emission of carbon and nutrients due to 30-40Mifkg

mismanagement of dairy waste leads to global warming, eutrophication of
water bodies, aerosol pollution, and acidification of ecosystems. We studied
hydrothermal liquefaction (HTL) to sustainably recover resources by
converting the dairy wastes into carbon-dense biocrude oil and a nutrient-rich
aqueous-phase coproduct. We evaluated acid whey as an alternative source of
acid catalyst, replacing acetic acid, for the HTL of anaerobically digested cattle
manure (manure digestate). Using well-designed HTL experiments, we
investigated the effects of several factors on the product formation and the
fate of elements as well as the underlying chemistry. The investigated factors
included reaction temperature (280—360 °C), reaction time (10—S0 min), mixing ratio of acid whey to manure digestate (AW/MD
of 0—2), and the amount of additional acetic acid required, that is, specified based on the final feedstock pH between 3.5 and S.5.
The experimental results suggested the following optimal conditions for enhanced biocrude oil formation and maximal nutrient yield
in the aqueous-phase coproduct: AW/MD of 1.21, feedstock mixture pH of 4.5, and reaction temperature and time of 354 °C and 21
min, respectively. Under such conditions, the biocrude oil yield was enhanced to 40—50% (equivalent to 60—80% energy recovery)
via cyclic acetalization, hydroxymethylation, isomerization, Piancatelli rearrangement, oxidation, and condensation with heteroatom
removal via several deoxygenation and denitrogenation mechanisms. Moreover, these conditions provided adequate acidification to
solubilize Mg-carbonate and Ca-phosphate minerals and catalyzed the deamination of N-heterocyclics and other nitrogenous
compounds, producing a higher recoverable yield of Mg, NH;-N, P, and K nutrients in the aqueous-phase coproduct, that is, 60—70,
30—40, ~40, and >95%, respectively. This study demonstrated the potential of using HTL for coprocessing manure digestate and
acid whey to measurably valorize biomass waste as a key component of achieving a circular bioeconomy for the dairy industry.
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1. INTRODUCTION treatment of these mixed feedstocks requires careful attention
to the locations and sizes of CAFOs and yogurt production
facilities as well as the physicochemical properties of the waste
streams. Despite their different pH values, manure digestate
(pH 7-9) and acid whey (pH 3—5.5) generally share relatively
similar properties including high moisture content (between
85 and 95 wt %),%” high chemical oxygen demand (between
50 and 120 mg/ g),8’9 and high nutrient concentration, for
example, 1500—6800 ppm NH;-N, 150—620 ppm P, and
1200—-9700 ppm K.'>'" With these characteristics, misman-
agement of these byproducts may result in several impacts that
are detrimental to the environment, such as the production of
methane and other greenhouse gases, the spread of pathogens,
eutrophication of water basins, and acidification of ecosystems

Acid whey (ie., a lactoserich liquid leftover from the
production of Greek yogurt and acid-coagulated cheeses)
and manure digestate (i.e., a lignocellulose- and nutrient-rich
wet residue from anaerobic digestion of cattle manure) are two
primary byproducts from the dairy industry that could be
coprocessed as feedstocks to recover energy, nutrients, and
other coproducts. Approximately, 10 million metric tons of
acid whey (AW) is generated annually from the Greek yogurt
and acid-coagulated cheese production facilities in the United
States." In addition, an estimated 2.7 billion tons of manure
digestate (MD) is produced each year by anaerobically
digesting the manure generated by 94 million cattle housed
in 883,000 concentrated animal feeding operations (CAFOs)
in the United States.” This estimate of manure digestate
assumes that all CAFOs in the United States use anaerobic Received: November 14, 2022
digestion as a first step for treating the manure. In the Revised:  January 15, 2023
anaerobic digestion, the average amount of dry matter in

manure is 10%,” and the average removal of the volatile solid

(i.e, organic substances that can be (bio)chemically trans-

formed into gas) after anaerobic digestion is 60%." Effective
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due to nutrient runoff, phytotoxicity, and the formation and
release of ammonium aerosol salts causing aerosol pollu-
tion'10,12—14

The development of waste management strategies focusing
on sustainable resource recovery within the circular bio-
economy (CBE) framework offers a means to mitigate these
potential environmental threats while providing economic
benefits to the dairy industry.'>'® The resource recovery in the
CBE framework is achieved by employing a combination of
several unit processes to valorize biomass waste via multiple
conversion pathways into valuable products in line with the
bio-based economy’s value pyramid (i.e., pharmaceuticals and
fine chemicals, food and feed, functional and commodity
chemicals, and energy, heat, and fuel) and waste hierarchy, that
is, prevention, reuse, recycling, recovery, and dis.posal.17

Hydrothermal liquefaction (HTL) is an attractive thermo-
chemical waste reforming process that can be incorporated
into CBE systems due to its capability of handling the high
moisture content of different types of agricultural and food
wastes.'®'? This includes anaerobic digestate produced by
anaerobic digestion (AD), allowing HTL to be coupled with
the commercially available AD process.”” HTL benefits from
the change of water properties at near-supercritical conditions
(280—360 °C and 10—20 MPa), where the ionic product of
water increases from 10—14 at 25 °C to 10—12 and 10—11 at
280—360 °C and the dielectric constant of water decreases
from 80 at 25 °C to 15 at 360 °C.'® With these properties,
HTL can convert the organic matrix in high-moisture dairy
wastes into carbon-rich biocrude oil with low heteroatom
content and improved energy recovery and selectively extracts
the inorganic nutrients into the aqueous-phase coproduct
(HTL-AP) or precipitate them into the solid byproduct called
hydro-char.”** The near-supercritical water temperature of
HTL can also kill pathogens in the dairy waste, yielding a
sterilized effluent.”

Achieving both high energy recovery in biocrude oil and
significant nutrient recovery in HTL coproducts depends on
the thermodynamic and chemical changes occurring during the
conversion process, which are controlled by operating
conditions and feedstock properties. An earlier study’* on
the HTL of manure digestate with various salt compositions
and polysaccharide-to-lignin ratios reported the significance of
acidic pH (3.0—5.6) for the feedstock, in addition to the
optimized reaction temperatures (335—360 °C), operating
pressures (10—20 MPa), and reaction times (10—50 min), to
achieve both waste treatment goals. These optimal conditions
allowed to recover 58—75% of the carbon in biocrude oil,
minimize the oxygen (15—35%) and nitrogen (0.2—1.5%)
contents of biocrude oil, lower the yield of undesirable hydro-
char byproduct to as low as S to 16%, and maximize the
distribution of Mg (60—85%), Ca (33—46%), NH;-N (41—
52%), P (41—74%), and K (89—96%) in the HTL-AP. Given
that the pre-acidification steg increases the operational cost of
HTL of manure digestates, 526 alternative strategies such as
HTL coprocessing (co-liquefaction) with acidic feedstocks that
can be collected from the same industry sector such as acid
whey”” are worth investigating.

One benefit of co-liquefaction of an acid whey—manure
digestate mixture is that acid whey itself may partially or
completely supply the acidity needed to catalyze the biocrude
oil-forming and nutrient solubilization reactions. The main
sources of acidity in acid whey are lactic acid, which is a
byproduct of milk fermentation into soft cheese and Greek

yogurt and acidic phosphate salts (KH,PO, and NaH,PO,),
which are additives in milk to maintain milk protein stability.
Another benefit is that the acids contained in acid whey may
facilitate reductive depolymerization of lignin and hydrox-
ymethylation, cyclic acetalization, and pyran formation of
lignin-derived oily monomers, enhancing lignin conversion
into biocrude oil.** These acids may also solubilize mineral
nutrients in the digestate, resulting in higher nutrient yield in
HTL-AP and ultimately allowing post-HTL nutrient recovery
via struvite (MgNH,PO,-6H,0) crystallization,” ammonia air
stripping,”® and membrane separation.’’ Moreover, the mixing
of acid whey and digestates increases the polysaccharide-to-
lignin ratio in the HTL feedstock because of high lactose
content in acid whey. The HTL of feedstocks with higher
polysaccharide—to—1i§nin ratios has been reported to give higher
biocrude oil yield.”

An earlier study on HTL of acid whey’> demonstrated that
an alkaline feedstock pH is favored to (1) maximize biocrude
oil yield with high carbon content and low heteroatom content,
(2) minimize the formation of hydro-char and, therefore,
higher nutrient yield in HTL-AP, and (3) produce aqueous
organics that catalyze the deamination of amino acids into
aqueous-phase NH;-N. The co-liquefaction of acidic mixtures
of acid whey and manure digestate by HTL has not been
examined and may be able to produce comparable or better
results as well as improve the overall economics of dairy waste
management. Therefore, this study aims to (1) understand
how coprocessing acid whey and manure digestate with
different mixing ratios at various co-liquefaction operating
conditions affects the product distribution and the fate of
elements; (2) determine if adding organic acid catalysts, such
as acetic acid, is still needed after mixing manure digestate with
acid whey; and (3) determine optimum co-liquefaction
operating conditions that maximize energy recovery in
biocrude oil and nutrient yield in HTL-AP.

To achieve these objectives, we created an experimental
program following central composite design protocols. Three
factors were selected as the continuous independent variables:
reaction temperature, reaction time, and mixing ratio between
acid whey and manure digestate (AW/MD). Various response
variables were measured to perform regression analysis and
response surface optimization. The regression analysis provides
a measure of the statistical significance of the investigated
independent variables. The response surface optimization
employing the desirability function approach was performed
to specify a range of optimal HTL operating conditions for
various acid whey and manure digestate mixing ratios that
yielded maximal biocrude energy recovery (i.e., a high oil yield
with a high carbon content and low heteroatom content), low
hydro-char yield, and maximal Mg, NH;-N, and P yields and
minimal Ca yield in HTL-AP; these latter yields are attractive
for the nutrient recovery process, for example, struvite
production and membrane separation.””** The minimal Ca
distribution into the HTL-AP allows for higher struvite purity
and prevents membrane fouling for an extended lifetime. The
optimized reaction temperature and time were validated
through additional triplicated HTL experiments (herein
referred to as “validation experiment”) on feedstock with
different mixture compositions. A combination of reaction
temperature, reaction time, and AW/MD mixing ratio that
produced these optimal results was subsequently employed in
the triplicated HTL “evaluation experiments”. In these
experiments, the mixture of manure digestate and acid whey
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was acidified with different amounts of acetic acid. Results of
these experiments allowed us to determine how much acetic
acid was needed to convert the mixed feedstocks into desired
products with specific characteristics.

2. MATERIALS AND METHODS

2.1. Feedstocks and Reagents. Co-liquefaction feedstocks were
a mixture of raw acid whey and anaerobic digestate of cattle manure
(herein referred to as “manure digestate”). Raw acid whey was taken
from FAGE USA Dairy Industry Inc. (Johnstown, NY), and manure
digestate was collected from Sunnyside dairy farm (Scipio Center,
NY). Their physicochemical characteristics are given in Table 1.

Table 1. Physicochemical Characteristics of Raw Acid Whey
and Manure Digestate®

value
parameters acid whey manure digestate
pH 4.38 + 0.22 7.26 + 0.35
NH,N(mg/L) 96 + 4.41 3396 + 7.50
DM (% EM) 5.14 + 0.86 14.87 + 0.50
ash content (% DM) 1991 + 121 26.81 + 245
proximate analysis (% DM)

cellulose 17.88 + 0.76
hemicellulose 8.95 + 1.05
soluble sugars 66.86 + 0.38

lignin 27.24 + 3.95
lipid 1.36 + 0.57 0.96 + 0.37
protein 9.5§ + 1.14 7.69 + 0.84
organic acids 2.63 + 0.26 0.64 + 0.15

ultimate analysis (% DM)

C 36.96 + 3.31 33.96 + 2.96
H 5.78 + 0.28 4.68 + 0.39
N 1.01 = 0.29 3.16 £ 0.61
(@) 48.16 + 1.69 43.42 + 0.64
P 1.0§ = 0.37 121 + 040
K 2.53 £ 0.78 4.57 + 0.67
Ca 233 + 1.17 3.09 + 0.34
Mg 0.12 + 0.04 2.15 + 0.81
Cl 4.11 +£ 043 1.25 £ 0.16

“Analytical procedures are summarized in Table S1 in the Supporting
Information (DM = dry matter and FM = fresh matter).

Organic solvents for biocrude oil extraction were acetone, dichloro-
methane, and ethyl acetate in ACS grade (Fisher Chemical).
Anhydrous MgSO, (Santa Cruz Biotechnology) was used to remove
residual water in the biocrude oil—solvent mixtures before solvent
evaporation. Acetic acid glacial (Fisher Chemical) were used to adjust
the feedstock pH. Reagents for colorimetric analysis were purchased
from Hanna Instruments.

2.2, HTL Procedures and Product Characterization. The
experimental setup and procedures were similar to those described in
our previous study (see Figure S1 in the Supporting Information).*®
From each set of experiment, the collected products were (1)
biocrude oil, a mixture of three biocrude extraction fractions, that is,
dichloromethane- and ethyl-acetate-extracted water-soluble biocrudes
and dichloromethane-extracted solid-bound biocrude; (2) solid
byproduct, that is, hydro-char; and (3) aqueous-phase coproduct
(HTL-AP). The mass yield of biocrude oil or hydro-char was
calculated using eq 1.

m;
Y, = ——— X 100%
Meedstock ( 1 )

where Y is the mass yield, i indicates biocrude oil or hydro-char, m is
mass (g), and M. gqou 1S the dry mass of feedstock (g).

The yield of carbon or nitrogen in the biocrude oil or hydro-char
and in the HTL-AP was calculated using eqs 2—4, respectively.

(% X;) x m,
Xyjags = T X 100%
Xfeedsmck (2)
TOC],p X (V,
Cyield-ap = M X 100%
Xfeedstock (3)
TN],p X (V,
Nyield—AP — M X 100%
Xfeedstock (4)

where Xp.qsock and Xj;eiq represent the elemental mass in the feedstock
(g) and elemental yield of carbon or nitrogen, respectively; i indicates
biocrude oil or hydro-char; and % X is the carbon or nitrogen content
measured following the ASTM D5373-21 method™® (Exeter
Analytical CE-440 CHN/O Analyzer). Cyiela-ap and Nyjgq.ap are the
carbon and nitrogen yield, respectively, in the HTL-AP, and [TOC],p
and [TN],, are the total concentration of organic carbon and
nitrogen (mg/L), respectively. The [TOC],p and [TN],p measure-
ments follow the catalytic oxidation method at 720 °C using
integrated Shimadzu TOC-L and TNM-L modules.

The yields of carbon and nitrogen expelled to the gas phase
(Cyield,gaS and Nyield_gas) during reaction were estimated by difference
using the calculated yields of carbon and nitrogen in the biocrude oil,
hydro-char, and HTL-AP (eqs S and 6). The reproducibility of this
approach is verified by the low standard deviation of Cyig.qes and
Nyield-gas (see Tables S8—S9 in the Supporting Information).
Afterward, the gas yield (Ygas) was calculated according to Cyjeig.gas
using eq 7 by assuming that the gas comprised mostly CO,. The mass
yield of HTL-AP (Y,p) was estimated using eq 8.

Cyield-gas = 100% — Cyield-biocrude - Cyield-HC - Cyield-AP (5)
Nyieldfgas = 100% — Nyieldfbiocrude - NyieldeC - NyieldeP (6)
44 Cyieldfgas X Cfeedstock
Yo = — x L5 S % 100%
12 Mieedstock (7)
YAP = 100% — Ybiocrude - YHC - Ygas (8)

The vyields of nutrient (Z—P, Ca, Mg, K, or Cl) in hydro-char
(Zyc) and HTL-AP (Z,p) were calculated using eqs 9 and 10,
respectively.

% Zyc X myc

Ze = X 100%
Zfeedstock (9)
7= [Z]AP—XVAP X 100%
AP =
Z feedstock ( 1 0)

where Zggoc iS the mass of Z in the feedstock (g), Vyp is the HTL-
AP volume, and my is the hydro-char mass (g). % Zyc is the
elemental content in hydro-char measured using an Oxford
Instruments EDX spectrometer (with AZtecLive and Ultim Max
detector) integrated with a Zeiss Gemini S00 scanning electron
microscope. The SEM—EDX operating parameters are as follows: 20
keV electron beam, 8 mm working distance, 60 um lens aperture size,
InLens detector, 1024 pixels resolution, 6 s process time, and 120 s
acquisition time. [Z],p is the colorimetrically measured nutrient
concentration (mg/L) using a Hanna Instrument HI83399 photo-
meter. The aqueous concentrations of NH;-N, P, K, Ca, and Mg were
determined with ASTM D1426-15,% vanadomolybdophosphoric
acid,®® sodium tetraphenylborate,®” oxalate,"” and Calmagite®'
methods, respectively.

The biocrude energy recovery (ERy;) was calculated using eq 11,
with the higher heating value of dry co-liquefaction feedstock
(HHVeqstoce MJ/kg) and biocrude oil (HHV, MJ/kg) estimated
using the equation by Channiwala and Parikh** based on the
measured C, H, N, O, and ash contents. The ash content was
determined with the ASTM E1131-20 method.*
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HHV,,

= —— "l %y, x 100%
HH\lfeedstock ( 1 1)

The GC—MS compositional analysis was performed on selected
biocrude oil and HTL-AP samples using Agilent 6890N GC equipped
with a JEOL JMS-GCMATE II mass spectrometer. The GC—MS
operating procedures employing DB-S and DB-WAX UI columns for
biocrude oil and HTL-AP samples, respectively, are given in Tables S2
and S3. The thermogravimetric analysis results in Figures S2 and S3
show that 60—90% of constituent compounds in the biocrude oil and
HTL-AP samples have a boiling point <280 °C, indicating that the
implemented GC—MS protocols could detect most constituent
compounds in biocrude oil and HTL-AP.

Selected hydro-char samples, which were finely ground and
screened to get ultra-fine particle sizes <20 pm, were analyzed for
the organic- and mineral-phase compositions using quantitative X-ray
diffraction (XRD). The XRD analysis was performed at room
temperature over 26 range of 10—80° with a step size of 0.01° using a
Bruker D8 Advance ECO diffractometer (1 kW/40 kV/25 mA, Cu
Ka radiation at 1.5406 A). The divergent beam slit, detector slit,
position-sensitive detector opening, and discriminator range were set
at 0.6 mm, 9 mm, 2.747, and 0.110—0.250 V, respectively. The
acquired XRD pattern was processed on MDI Jade 7.8.2 following the
whole pattern fitting (WPF) and Rietveld refinement technique®*
based on the PDF-4/organic and PDF-4/mineral database.”®

2.3. Experimental Design and Data Analysis. 2.3.1. Central
Composite Design. The HTL experimental programs in this study
were divided into three parts: central composite design (CCD),
validation, and evaluation experiments. The triplicated CCD experi-
ments consisted of 8 factorial points, 6 axial points, and 1 six-folded
center point. The presence of axial and center points allows the
curvature (quadratic effects) in the responses to be modeled
accurately using a full quadratic regression. The characteristic
orthogonal block and rotatability of CCD allow the model terms
and block effects to be predicted independently, the variation in the
regression coefficients to be minimized, and the prediction variance at
all points to be constant. The significances of the established quadratic
model are the ability to map a region of a response surface and
understand how particular changes in independent variables affect the
responses of interest. Moreover, the levels of independent variables
that optimize multiple responses and ultimately meet the research
objectives can be specified.

A complete CCD matrix is given in Table S4 in the Supporting
Information. A set of natural values for each independent variable
according to the factor level scale (coded units) are given in Table 2.

oil

Table 2. Factor Levels for CCD Experiments (AW: Acid
Whey and MD: Manure Digestate)

factor levels

independent variables -2 -1 0 1 2
X;: temperature (°C) 280 300 320 340 360
X,: time (min) 10 20 30 40 50
Xs: AW/MD 0 0.5 1 LS 2

Reaction temperature and reaction time between 280 and 360 °C and
10 and S0 min, respectively, were selected because they allowed a
complete conversion of polysaccharides and lignin and gave a
maximum yield of biocrude with a low heteroatom content. A mixing
ratio of acid whey to manure digestate (here in referred to as “AW/
MD”) between 0 and 2 was selected because (1) the lowest ratio
serves as a base case scenario and (2) the highest ratio provides an
optimal balance between the amount of acid whey added and the
lowest achievable pH around S.3.

2.3.2. Regression Analysis and Data Visualization. Regression
analysis was performed by fitting a quadratic regression model in a
coded unit (see eq 12) with data on measured responses from the
CCD experiments (see Tables SS—S7 in the Supporting Information).
The coded unit denotes that the value of independent variables was

standardized on the factor level scale, that is, from —2 to 2. The fitting
process utilized Minitab 21.1.0 to determine the coded value of
regression coefficients of only statistically significant terms (p < 0.05)
while maintaining the hierarchical form. The hierarchical form means
that lower-order terms constructing the statistically significant higher-
order terms are kept in the equation regardless of their significance.

n n n—1 n
Y=+ DB+ DB+ D BXX
j=1 j=1

j=1 k=j+1 (12)

where Y is the response variable, f is the intercept, X is a set of three
(n = 3) independent variables defined in Table 2, and B, By and B
are fitted coeflicients of linear, quadratic, and interaction terms,
respectively.

Subsequently, the performances of the generated regression
equation were assessed based on R* R*(pred.), and lack-of-fit p-
value. Satisfactory statistical performances are defined as R close to 1,
R*(pred.) that is not too far below R% and the lack-of-fit p > 0.05.
These criteria demonstrate that the model shows a good fit with
experimental data without overfitting the random noise. In addition,
they allow us to compare the value of coded coeflicients of statistically
significant terms in the equation (p < 0.05; see the p-values of
significant terms in Tables S11—S18) in order to describe the relative
effects of the independent variables on measured response variables.

The profile of each response variable (e.g., linear, pure quadratic,
and positive/negative two-factor interactions) with its local or global
critical points (e.g,, maxima, minima, or saddle points) was visualized
using contour plots. The contour plots were created using the
developed regression equations by varying a pair of statistically
significant independent variables while keeping the other independent
variable steady at the center-point value. The center-point value can
be found in Table 2 under factor level zero.

2.3.3. Multi-Response Optimization. Response surface optimiza-
tion based on the developed regression models was performed in
Minitab 21.1.0 by employing the desirability function approach to
achieve the targeted outcomes, that is, maximum carbon/energy
recovery in biocrude oil, low biocrude heteroatom content; minimal
hydro-char yield; maximal Mg, NH;-N, and P yields; and minimal Ca
yield in HTL-AP. The exponential desirability function determined
the optimal reaction temperature and time for various mixing ratios of
acid whey and manure digestate by first translating the value of each
optimized response, which were obtained from the corresponding
regression models, into a value between O (undesirable) and 1
(desirable).*® These individual desirability values were geometrically
averaged with an equal weighting factor to obtain the composite
desirability value. The desirability function maximized the composite
desirability as close as possible to 1 (i.e., to achieve the desired overall
metric) by iteratively changing the value of temperature and time
within the investigated ranges.

2.3.4. Validation and Evaluation Experiments. To validate the
optimization results, co-liquefaction feedstocks with different AW/
MD mixing ratios were processed using the optimized reaction
temperature and time in triplicated HTL experiments. Subsequently, a
set of optimized process conditions with the highest composite
desirability value (i.e, the highest biocrude energy recovery and
nutrient yield in HTL-AP) was employed in triplicated HTL
evaluation experiments. The evaluation experiments employed a
feedstock mixture that was acidified with acetic acid to pH 3.5, 4, 4.5,
and 5. The goal of these experiments was to evaluate how many, if
needed, acetic acid should be added into the co-liquefaction
feedstock.

3. RESULTS AND DISCUSSION

Our structure is intended to first describe the interpretation
results of regression analysis of experimental data from the
CCD experiment. This includes the description of the effects
of process variables on the formation of products, biocrude
energy recovery, and elemental distributions between the
product phases, accompanied by mechanistic explanations in
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Figure 1. Representative contour plots for product yield: (A) Yoy, (B), Yc, (C) Yap, (D) Yguo (E) Yoy and (F) Yap. The colormap shows the
value of the corresponding response variable. The X-axis and Y-axis show the investigated range of value of two statistically significant independent
variables. A complete sets of contour plots for product yield can be found in Figures SS—S8 (Supporting Information).

Section 3.1. The mechanistic explanations are provided by
combining comparative literature study of well-documented
reactions with the chemical composition analysis using GC—
MS for biocrude oil and aqueous-phase coproduct and XRD
for hydro-char. Subsequently, Section 3.2 presents a range of
optimal process conditions for the co-liquefaction that
maximize the biocrude energy recovery and nutrient yield in
the aqueous phase from feedstock mixtures with different
compositions. Validation of the multi-response optimization
results and the prominent reaction mechanisms from the
corresponding optimum process conditions are also discussed.
Ultimately, Section 3.3 discusses the evaluation results of the
necessity of adding acetic acid into co-liquefaction feedstock
after applying optimal process conditions determined in
Section 3.2.

3.1. Effects of Process Conditions on HTL Product
Characteristics. In general, the statistical performances of the
developed regression models were satisfactory according to R?
values from 86.51 to 99.88%, R*(pred.) values from 76.37 to
99.78%, and lack-of-fit p-values from 0.138 to 0.424 (see
Tables 3—S5). Specifically, these values indicated that the model
did not overfit the experimental data noise and can predict
accurately using a new observation.
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Figure 2. Profile of feedstock pH and polysaccharide-to-lignin ratio
for acid whey and manure digestate mixtures.

3.1.1. Product and Carbon Yield. Biocrude oil was the
product phase with the highest mass yield (24.01—46.47%),
followed by aqueous-phase coproduct (42.3—54.14%), hydro-
char (7.11-26.46%), and gas (1.5—4.38%). Similarly, the
highest carbon yield was observed in biocrude oil (41.81—
77.63%), followed by hydro-char (7.13—43.34%), aqueous-
phase coproduct (9.08—21.88%), and gas (1.09—3.44%). The
mass yield and carbon yield of each product phase had the
same trend with the increasing reaction temperature, reaction
time, and mixing ratio of acid whey to manure digestate (AW/
MD) according to the profile of coded coefficient values in
Table 3. This result was expected because carbon is the
backbone of constituent compounds of the HTL products.”’
Therefore, the following discussion on the product yield
distribution is also applicable for carbon yield distribution.

The AW/MD was the most significant factor, as evidenced
by the highest value for the linear and quadratic term
coeflicients. A quadratic effect of AW/MD was identified for
Yoy vielding a maxima at AW/MD of 1.5 (see Figure 1A).
Increasing the AW/MD from 0 to 1.5 raised polysaccharide
content of feedstock mixture linearly and decreased the pH of
feedstock mixture exponentially, that is, from pH 7.1 to S$.5
(see Figure 2). The decreasing feedstock pH to S.5 enhanced
the conversion of polysaccharides into biocrude oil due to
higher selectivity for the formation of pyrones, cyclic C;s-
ketones, and furandiones (see Table S19) via dehydration of
polysaccharides’ monomers into 5-HMF and furfural*®
followed by isomerization,"”*" Piancatelli rearrangement,”’
and cyclization,”" respectively. In addition, a feedstock pH of
around 5.5 has been reported to induce 5-HMF rehydration
and lignin acidolysis™® with formic acid and formaldehyde as
the side products, respectively. These two compounds may
facilitate reductive depolymerization of lignin and deactivation
of reactive sites of the aromatic 1‘ings,28’54 which resulted in the
formation of oily monomers with the cyclic Cg-ketone,
dioxane, dioxolane, and pyran structures (see Table S19).

At AW/MD > 1.5, feedstock pH was lower than 5.5,
enhancing repolymerization of biocrude components into
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hydro-char and therefore reducing Y. This result was
confirmed by an increase in Yyc at AW/MD > 1.5 (see
Figure 1B). The detected organic phases in the hydro-chars by
XRD included 2-amino-4-(2-methoxyphenyl)-7,7-dimethyl-3-
nitro-4,6,7,8-tetrahydro-SH-chromen-S-one, 1,2-bis(2,6-
dichlorobenzylidene)hydrazine, N,N-dimethyl-4-nitroaniline,
2-(4-hydroxyphenyl)acetonitrile, polyaniline, and 1H-1,2,4-
triazole-3,5-diamine. This organic-phase composition of
hydro-char showed that phenols, hydroxymethyl phenols,
methoxyphenols, and hydrazines contained in the biocrude
oil (see Table S19) were responsible for the increase in Yy at

AW/MD > 15 via 1,3-dipolar cycloaddition,” Michael
addition,”® amination,®” and oxidative polymerization.*®

Meanwhile, the Y,p and Y, stabilized around 50% and 4%
at an AW/MD of 0—0.6, respectively, after which both Y, and
Y, continuously decreased at AW/MD > 0.6 (see Figure
1C,D). A significantly higher acidity provided by AW/MD >
0.6 blocked the alkaline degradation pathway of cellulose and
lignin (e.g, via retro-aldol condensation)*® into aqueous
aliphatics (see Table S20), which decreased the Y,p. With
less availability of short-chain aliphatics in the HTL-AP, the gas
formation (Y,) was consequently lower.
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Table 3. Regression Models for Product Yield, Carbon Yield, ER;, and HHV; with Coded Coeflicients Truncated to Three
Decimal Places (See Tables S5, S8, S9, and S12 in the Supporting Information for Untruncated Coded and Uncoded

Coefficient Values)

terms Yo Yuc Yap Yeu
constant 46.710 9.163 46.610 1.277
T 3.000 —0.660 —2.268 —0.468
T —0.020 —1.758 0.763 —0.407
AW/MD 4.440 —-1.070 —4.031 —0.504
i —1.200 0.120 0.980 —0.048
2 —0.420 —0.290 0.550 0.033
(AW/MD)? —2.228 1.689 —1.025 —0.124
TXt —0.180 0.180
T X (AW/MD) 0.006 —0.006
t X (AW/MD) 0.158 0.158
R? (%) 99.75 93.50 92.07 86.51
R*(pred.) (%) 90.53 89.66 84.93 76.37
lack-of-fit’s p 0.278 0.283 0.252 0.214

measured responses

Cyicld-oil Cyield-HC Cicld-ap Cicld-gas ER HHV
70.850 12.370 18.310 1.897 63.141 31.332
4.769 —0.848 —1.134 —0.390 4.598 2.117
0.069 —3.533 0.381 —0.339 1.210 1.213
3.327 —1.886 -2.016 —0.420 7.689 0.994
—2.000 0.952 0.490 —0.040 —0.158 0.556
—0.608 —0.295 0.275 0.028 0.767 0.469
—4.102 2.646 —0.513 —0.103 —0.999 0.666
—0.092 —0.090 0.150 —0.071 —0.193
—0.323 0.100 0.003 —0.008 0.977 0.217
—0.096 0.079 0.131 0.557 0.344
95.55 92.06 91.65 89.73 96.10 93.28
83.54 87.92 84.14 82.50 86.59 89.23
0.189 0.180 0.193 0.194 0.198 0.209

The reaction temperature showed a negative and positive
quadratic effect on Yoy and Y,p, respectively, and a negative
linear effect on Yyc and Yy, Figure 1 shows that increasing the
temperature from 280 to 345 °C increased the Y_; and
decreased the Yy, Yap, and Y, This result indicated that the
selectivity of biocrude formation was improved at higher
temperatures due to more activated endothermic biocrude oil-
forming reactions.”” According to the detected compounds in
biocrude oil (see Table S19), the endothermic reactions
included (1) oxidative degradation of lignins into biphenyls®’
(i.e., precursors for polyaromatic hydrocarbons via cyclization
and dehydration), (2) oxidation-benzoylation of benzoic acids
into benzophenone and anthracenes,’ (3) condensation-
dehydration of erythrose with pyruvic acid into quinic acid,**
and (4) Fischer indolization involving phenylhydrazines and
carbonyl compounds derived from polysaccharides.”®

From 345 to 360 °C, Y ; and Y,p stabilized around 48 and
40% (see Figure 1E,F), respectively, and Yyc and Y,
continuously decreased (see Figure 1B,D). The relatively
constant Y_; and Y,; indicated that the enhanced formation of
biocrude oil was balanced by its partial decomposition into
aqueous organics, for example, via aromatic or aliphatic
cleavage, decarboxylation, and deamination. The decreasing
Y,,, implied that the formed aqueous organics were chemically
more stable and more resistant to decomposition into gas
products, for example, acetic acid, cinnamic acid, phenyl-
acetaldehyde, p-cresol, and benzidine (see Table S20). The
decrease in Yy showed that hydro-char formation was
increasingly inhibited because repolymerization of lignin
monomers was blocked by cyclic acetalization and hydrox-
ymethylation of the aromatic ring.”® This interpretation was
confirmed by the presence of 4-(hydroxymethyl)phenol, 1,3-
benzodioxane-5-ol, and S-(1-propenyl)-1,3-benzodioxole in
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Table 4. Regression Models for Nitrogen Yield with Coded Coefficients Truncated to Three Decimal Places (See Tables S6
and S10 in the Supporting Information for Untruncated Coded and Uncoded Coefficient Values)

measured responses

terms Niyield-oil Nyield-tc
constant 39.820 15.610
T 1.740 —1.020
T 0.150 0.170
AW/MD 6.625 4615
T2 —4.280 —0.760
£ —3.410 —1.480
(AW/MD)? —1.935 1.550
TXt 0.300 0.820
T x (AW/MD) 0.300 —0.180
t x (AW/MD) 0.305 —0.185
R* (%) 94.38 95.99
R*(pred.) (%) 90.32 86.39
lack-of-fit’s p 0.424 0.415

Niyield-ap

—12.210

NH;3-Nyjeiq-ap 0rg-Nyicig.ap Niield-gas
40.180 27.640 12.950 4.131
—1.060 —0.720 —0.320 0.360
—0.450 —0.690 0.300 0.173
—-11.110 —0.940 0.867
4.720 1.400 3.320 0.320
4.490 0.660 3.840 0.400
0.425 —3.062 3.488 —0.040
—1.540 —1.740 0.200 0.420
—0.040 —0.450 0.420 —0.090
—0.025 —0.105 0.080 —0.094
98.44 90.19 96.44 88.03
88.04 81.36 88.76 77.27
0.413 0.377 0.203 0.338

biocrude oil (see Table S19) and 3,5-dihydroxycinnamic acid,
3,5-dihydroxybenzoic acid, and 5-tert-butylpyrogallol in HTL-
AP (see Table S20).

Y, and Y,, showed a negative and positive quadratic
dependence on the reaction time, respectively. Y, was strongly
correlated with Y,p because an increase in Y ; was followed by
a decrease in Y,p, and vice versa. Moreover, the same reaction
time was observed for maxima of Y; and minima of Y,p, that
is, at 30 min. Meanwhile, Yy and Y, continuously decreased
at prolonged reaction times. These results suggested that 345
°C, 30 min, and an AW/MD of 1.5 were ideal for the highest
Y,y while keeping the Yyp, Yy, and Y, as low as possible.

3.1.2. Nitrogen Yield. Nitrogen was mostly recovered as
NH;-N and Org-N in HTL-AP with the yield ranging from
7.03 to 41.31% and from 9.85 to 27.39%, respectively.
Moreover, Nyd.oir Nyield-er 20d Nyjelg.go Were in the range
of 14.7—46.5, 11.00—30.39, and 1.43—4.98%, respectively.

Table 4 shows that the AW/MD was the most important
factor with a strongly positive linear correlation with Nyeiq.01
and Nygapc and a highly negative linear correlation with
Nyieig-ap and Nyieqgo The increasing trend of Nyqo1 with
AW/MD (see Figure S13) was attributed to the formation of
N-heterocyclics, as shown by the biocrude chemical
composition in Table S19. Higher AW/MD increased the
acidity and total polysaccharide content of the feedstock,
catalyzing the conversion of reducing sugars into a-
dicarbonyls, a-hydroxycarbonyls, and benzoic acids during
HTL. Through the acid-catalyzed reactions including the
Paal—Knorr,®" Hantzsch,”> Fischer,”® and Letts®” reactions,
these compounds may react with primary amine/NH; forming
pyrroles, pyridines, indoles, and cyanohydrins, respectively.
The Paal—Knorr reaction formed pyrroles via the condensation
of a-dicarbonyls with NH;, while the Hantzsch reaction
produced pyridines via the condensation of a-hydroxycarbon-
yls with primary amines. Similarly, indole formation via Fischer
mechanism was a condensation reaction, which involved
phenylhydrazines and a-dicarbonyls/a-hydroxycarbonyls. The
phenylhydrazine may originate from the condensation of
lignin-derived phenols with hydrazine. The hydrazine may be
obtained from the hydrolysis of 1,2-bis(diphenyl-methylene)-
hydrazine, a product of NH; condensation with benzoic acid-
derived benzophenone. Meanwhile, the Letts reaction involves
a mechanism of cyanide addition to an a-dicarbonyl/a-
hydroxycarbonyl, forming cyanohydrin derivatives of benzal-

dehyde, for example, mandelonitrile. These mechanisms for N-
fixation were confirmed by the presence of corresponding
reaction products in biocrude oil (see Table S19) and by the
negative linear correlation of NH;-Nyqqap and Org-Nya.ap
with AW/MD (see Table 4).

The increasing trend of Ny;uq15c with AW/MD (see Figure
S14) was associated with the precipitation of N-heterocyclics,
which were initially produced in the biocrude oil. The
precipitation may occur through the coupling reaction,
oxidation, cycloaddition, oxazolation, and regioselective
ethoxycarbonylation with ring closure. These proposed
reaction mechanisms were supported by the XRD detection
of the organic phase in the hydro-char that included 2-(S-
phenyl-1,3,4-oxadiazol-2-yl)benzoic acid, ethyl-1’,3',3’-tri-
methyl-8-nitrospiro[ chromene-2,2’-indoline]-5’-carboxylate,
S-formyl-1H-pyrrole-2-carboxylic acid, 3,3-diethyl-S-methyl-
piperidine-2,4-dione, and indole-2-carboxylic acid-3,5-dinitro-
benzoic acid (see Table S21). Detailed mechanisms of the
formation of these products have been explained in the
literature.®®

The reaction temperature and time provided quadratic
effects on the nitrogen yield in all the product phases. The
global maxima of Ny;.4.o1 and Ny;q.nc and the global minima
of Ny;eigap and Nyjeiq o Were located at the same location, that
is, 320 °C and 30 min (see Figure 3A—D). Increasing the
reaction temperature from 280 to 320 °C and extending the
reaction time from 10 to 30 min favored the endothermic
Paal—Knorr, Hantzsch, and Fischer reactions, which enhanced
the formation of pyrroles, pyridines, and indoles in the
biocrude oil and therefore higher Ny Moreover, the
increased formation of these compounds in biocrude oil may
lead to higher Ny;jq.nc because they may repolymerize and
precipitate as complex N-heterocyclics in the hydro-char.®’
The detected N-heterocyclics in the hydro-char by XRD
included N-methyl-2-(naphtho[2,3-d][1,3]dioxol-6-yl)-
benzamide, 2,5-di(pyridin-2-yl)pyrazine-1-oxide, 6,8-dimethyl-
4-nitro-7,8-dihydro-4H-814-pyrazolo[ 1,5-a]pyrimidin-3-amine,
and 3-(tert-butyl)imidazolidine-2,4-dione (see XRD results in
Table S21). The existence of hydantoin, benzamide, and
azaarene functional groups in the chemical structure of these
organic compounds suggested that N-fixation in hydro-char
was controlled by Friedel—Crafts carboxamidation of arenes,
Bucherer—Bergs reaction,”’ and Dieckmann cyclization,72
respectively, at higher temperatures and longer reaction

yield-
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Table 5. Regression Models for Nutrient Yield with Coded Coefficients Truncated to Three Decimal Places (See Tables S7 and
S11 in the Supporting Information for Untruncated Coded and Uncoded Coefficient Values)

measured responses

terms Pieia-ap Piela-nc Kiield-ap Kield-tic
constant 36.670 61.940 93.510 6.495
T 0.420 —0.340 2.446 —2.446
T —0.430 0.300 0.070 —-0.070
AW/MD 17.890 —17.360 —0.338 0.338
T? —0.080 0.080 —0.040 0.040
£ —0.060 0.060 0.710 -0.710
(AW/MD)? 0912 —0.885 -0315 0315
TXt 2.940 —2.860
T X (AW/MD) 0.593 —0.593
t X (AW/MD)
R* (%) 99.88 95.79 97.48 90.46
R*(pred.) (%) 99.78 90.44 95.22 85.35
Lack-of-fit’s p 0.283 0.248 0.232 0.200

Cayieia.ap Cayieiane Mgyicla-ap Mgyila-1e ApHj,
41.390 51.280 54.020 40.710 —1.057
—1.980 1.520 —1.640 0.600 —0.168
—0.760 0.620 0.660 —0.020 —0.220

9.070 —8.160 —4.240 6.840 —-0.117
0.480 —0.440 5.240 —1.200 0.020
0.470 —0.430 2.060 —0.420 —0.001
—1.970 1.773 0.815 —1.627 0.019
2.220 —2.000 —0.004
—0.004
—0.006
95.03 96.54 93.01 92.66 91.56
90.55 90.34 86.72 84.31 83.14
0.178 0.232 0.138 0.203 0.135

times. The increasing Nyq.oq and Nyggpc resulted in a
decreasing trend of Ny;q.ap- With lower Ny;.4.4p, the potential
loss of nitrogen from the aqueous to the gas phase was reduced
and therefore Ny;uq g, decreased.

A different phenomenon occurred when the reaction
temperature and time increased beyond 320 °C and 30 min.
Under these conditions, Nyiq.0q and Nyqpc continuously
decreased while Ny;gap and Ny;gq.g,s continuously increased.
The decrease in Nyq.o; which consequently lowered the
Njjeiq-ncr Was caused by the N removal from biocrude oil. The
N-removal process was initiated by the aromatic saturation and
ring opening of N-heterocyclics into aliphatic amines. The
amine group was readily cleaved to yield aliphatic alkanes in
biocrude oil and released N as NH; into HTL-AP.”* This
mechanism was confirmed by the detected intermediate and
final products in biocrude oil (e.g, l-ethyl piperazine, 2,6-
dimethylpiperidine, 3-methyl indoline, 1-methyl pyrrolidine,
pentane, 1-phenyl-1-butene, and 2,4-dimethyl-2,3-pentadiene;
see Table S21) and in HTL-AP, for example, 1-butanamine, 1-
pentanamine, and benzylamine (see Table S20). The increased
production of amines (i.e., the intermediates of denitrogena-
tion of biocrude oil after the ring opening step) and NH;-N in
HTL-AP contributed toward the increasing trend of Ny;j4.4p at
reaction temperatures >320 °C and reaction times >30 min
(see Figure 3E,F). In addition, amines and NH;-N distributed
in HTL-AP may be partially decomposed and vaporized into
the gas phase under these conditions, increasing the Ny;qq g,

3.1.3. Inorganic Yield. Precipitation in the hydro-char and
mineral dissociation in the HTL-AP were two primary
mechanisms that controlled the partitioning of inorganics
during co-liquefaction of acid whey and manure digestate. The
total yield of each inorganic element in these two products was
close to 100%. The Pyiugaps Cayieta.ary Mgyicia-apr and Kiieigap
were in the range of 14.41—72.44, 15.17—53.47, 43.39—-73.27,
and 91.06—98.28%, respectively, whereas the Py qnc
Cajegnc Mgyieiancy and Kjgqpc were in the range of
26.73—83.02, 41.88—76.34, 30.79—46.23, and 2.70—9.85%,
respectively. The inorganic yield in biocrude oil was
insignificant because the measured ash content was very low
(0—0.4%; see Table S4), consistent with an earlier study on
HTL of acid whey.*>

Higher AW/MD increased the acidity of the reaction
mixture, solubilizing more P, Ca, and Mg minerals in the HTL-
AP. This solubilization provided higher Pyiq.ap; Cayierg.ap, and

Mgyieia.ap and therefore lower Pugnc, Cayieq-nc, and
Mg qnuc at higher AW/MD. In contrast, higher AW/MD
decreased K;gq.ap and increased Kqpc (see Figure 4A,B).
Since the XRD pattern of the hydro-chars did not show any K
minerals, these results implied that higher AW/MD generated
hydro-char with a more activated surface. The activated surface
enabled the physisorption of K in hydro-char and therefore
higher Kjjqnc. The physisorption was assumed to be a
reversible exothermic process due to the negative linear and
negative quadratic correlation of Kqnc With reaction
temperature and time, respectively (see Table 5).

The reaction temperature and reaction time showed a
quadratic effect on Mg gap and Mgqnc. The global
maxima for Mg qap and the global minima for Mg 4 nc
were located at 320 °C and 30 min, as shown by Figure 4C,D.
Increasing the reaction severity from 280 °C and 10 min to
320 °C and 30 min solubilized the Mg minerals due to
enhanced acid production. The enhanced acid production was
confirmed by the negative correlation of ApHy, (ie, pH
difference between feedstock mixture and the collected HTL-
AP) with the reaction temperature and time (see Figure S33).
As the operating conditions increase past 320 °C and 30 min,
Mg** may chelate the CO, dissolved in HTL-AP as CO5> to
reprecipitate as nesquehonite (MgCO;-3H,0) and magnesite
(MgCO,) minerals.”* The formation of these minerals lowered
Mgy;ciq-ap and increased Mg nc-

The reprecipitation phenomenon was also valid to explain
the decreasing trend of Cay;iq.sp With the reaction temperature
and time, as shown in Figure 4E. Calcite and brushite, the
major Ca mineral phases in the co-liquefaction feedstock, were
dissociated in the HTL-AP during HTL. Higher reaction
severity favored the endothermic reorientation of the dissolved
Ca’" into more thermodynamically stable solid Ca minerals in
the hydro—chars,75 for example, troemelite, monetite, f-
tricalcium phosphate, and A-type carbonated apatite. This
proposed mechanism was confirmed by the XRD patterns in
Figure S4.

Figure 4F shows a saddle, where a combination of a lower
temperature with a longer reaction time or a higher
temperature with a shorter reaction time increased Pyiqqpc
or in other words reduced P4 sp. The former condition
promoted the precipitation of phosphate as whitlockite
(CagMégHPO4(PO4)6; see the XRD pattern in Figure
$4D),”° consistent with the increasing trend of Cayieia.nc and
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Mg,;iq-nc with the reaction temperature and time. The latter
condition facilitated the crystallization of phosphate into urea
hydrogen phosphate in the hydro-char,”” as shown by the XRD
pattern in Figure S4F.

3.1.4. Biocrude Energy Recovery and Heteroatoms
Content. With the HHV 4400 HHV,y, and Y ; in the range
of 9.95—15.02, 16.44—26.70, and 24.01—46.47%, respectively,
the energy recovered in biocrude oil (ER,;) was 41.81—
77.63%. The main effects plots in Figure S36 show that the
increasing trend of ER; with temperature, time, and AW/MD
was highly associated with a significant improvement of Y
(see Section 3.1 for detailed discussion) and HHV_;. The
improvement of HHV; was due to the formation of carbon-
rich compounds (see Table S19) and the removal of
heteroatoms, that is, oxygen and nitrogen.

The van Krevelen diagrams in Figure 5A,B,D,E show that
the deoxygenation and denitrogenation of biocrude oil were
controlled by decarboxylation and direct cleavage of the
amino/amine group, respectively, at higher temperatures and
longer reaction times. The higher reaction severity enhanced
the thermal-oxidative scission of carbon—carbon and carbon—
nitrogen bonds attached to the —COOH and —NH, groups,
respectively, removing oxygen as CO, into the gas phase and
nitrogen as NH; into the HTL-AP.”® The resulting products of
decarboxylation include aliphatic hydrocarbons with the H/C
atomic ratio ranged between 2 and 3 (e.g, n-decane, n-
dodecane, n-hexadecane, and n-octadecane; see Table S19), as
illustrated by Figure 5A,B. Likewise, the direct cleavage of N-
heterocyclics with two nitrogen atoms (e.g, pyrazole and
pyrazine) resulted in the formation of aliphatic amines with the
H/C atomic ratio between 2 and 3 (see Figure SD,E),” for
example, propylamine and butylamine (see Table S19).

Meanwhile, at higher AW/MD, deoxygenation and de-
nitrogenation of biocrude oil were controlled by dehydration
and deamination pathways (see Figure SC,D). Higher AW/
MD provided significant hydrogen donors through the
presence of acids contained in acid whey (e.g, lactic acid)
and those derived from polysaccharide decomposition, for
example, formic acid and glycolic acid (see Table $20). They
may reduce the C=0 bond of ketones and aldehydes into C—
OH, which was readily dehydrated into aliphatic alkanes (see
Figure 5C).*" In addition, the hydrogen donors may also
saturate the N-heterocyclic ring to facilitate ring opening and
then deamination, expelling N as NH; in HTL-AP (see Section
3.2 for the deamination pathway explanation).”*””

3.2. Optimization and Validation of HTL Process
Conditions. In general, the optimal reaction temperature and
time for co-liquefaction of acid whey and manure digestate
were divided into three regions of the AW/MD mixing ratio
(see Figure 6). The first region showed that an increase in
AW/MD from 0 to 1 required a higher temperature from 338
to 341 °C and a longer reaction time from 41 to 47 min.
Higher AW/MD raised the polysaccharide content and
lowered the pH of feedstock mixture. These conditions
enhanced the formation of oxygenates (e.g., ketones,
furandiones, and pyrones) in biocrude oil through acid-
catalyzed isomerization, Piancatelli rearrangement, and oxida-
tion of polysaccharide-derived furans.®' Higher AW/MD also
led to the production of more a-dicarbonyls/a-hydroxycar-
bonyls from reducing sugars. The carbonyl compounds were
highly reactive with primary amine/NH;, forming N-
heterocyclics in biocrude oil through the Paal—Knorr,
Hantzsch, Fischer, and Letts reactions (see Section 3.2 for a
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Figure 6. Suggested reaction temperatures and times for AW/MD of
0—2 to achieve the multi-response optimization objectives.

mechanistic explanation). The formation of oxygenates and N-
heterocyclics consequently increased the oxygen and nitrogen
content of biocrude oil. Therefore, higher reaction temper-
atures and prolonged reaction times were required to remove
oxygen and nitrogen from biocrude oil in order to maximize
ER ;. Moreover, higher reaction severity gave a higher nutrient
yield in HTL-AP due to enhanced acid production from the
decomposition of polysaccharides and lignins (see the profile
of ApHy, versus temperature and time in Figure S33).

The second region shows that an increase in AW/MD from
1 to 1.1 required a significantly higher temperature from 341 to
354 °C and a much shorter reaction time from 47 to 21 min.
Figure 2 illustrates that at AW/MD > 1, the linear increase of
the polysaccharide/lignin ratio was not compensated by a
commensurate decrease of the pH of the feedstock mixture.
This result implied that a larger production of a-dicarbonyls/
a-hydroxycarbonyls from polysaccharides, which led to
massive N-heterocyclics formation, was not balanced by a
comparable increase of H' activity required to remove nitrogen
via the deamination pathway, that is, aromatic saturation, ring
opening, and N-removal as NH;. Employing much higher
temperatures was an alternative solution to remove nitrogen
through direct cleavage of the amino/amine group without
being preceded by hydrogenation, as illustrated by the van
Krevelen diagrams in Figure 5. Moreover, higher temperatures
may selectively precipitate Ca in hydro-char (see Table S in
Section 3.3). Employing a much shorter reaction time
minimized NH;-N fixation in the biocrude oil and blocked
the reprecipitation of dissolved Mg and P in the hydro-char as
magnesite, urea hydrogen phosphate, and p-tricalcium
phosphate minerals (see Subsection 3.3). Therefore, higher
NH;-Ny;eiq-aps lower Cayieig.ap, and higher Pyiiq ap and Mgieiq-ap
were obtained.

In the third region, AW/MD increased from 1.1 to 2 and the
optimum reaction temperature and time stabilized at 354 °C
and ~21 min. Although a higher temperature was favored for
heteroatom removal, a reaction temperature of >354 °C
initiated partial decomposition of biocrude oil into aqueous-
phase organics, as discussed in Section 3.1. Meanwhile, a
reaction time of <21 min could not provide an acidity level
required for solubilizing minerals in HTL-AP (see the profile
of ApHj, vs time in Figure S33). Therefore, a reaction
temperature and time at 354 °C and ~21 min were optimal for
maximal Y, Pyicld-aps and Mgyicia-ap-

According to the composite desirability results covering the
three optimal regions (see Figure S35), the highest biocrude
energy recovery and the highest nutrient yield in HTL-AP
were given by a reaction temperature of 354 °C, reaction time
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Table 6. Validation Results for Multi-Response Optimization. (Exp. = Experimental Value and IDiff.l = Absolute Difference

between the Predicted and Average Value of Exp.)

AW/MD 0.3339 °C44 min

AW/MD 1.05347 °C34 min

AW/MD 1.21354 °C21 min AW/MD 1.6354 °C21 min

optimized responses Exp. IDiffl Exp. IDiffl Exp. IDiffl Exp. IDiff.|
Y., (%) 372 + 02 02 492 + 03 03 49.7 £ 02 02 50.6 + 0.7 0.5
ER,; (%) 56.0 + 0.5 0.6 70.9 + 0.4 0.4 74.6 + 0.9 0.9 79.9 + 0.3 0.6
HHVoil(MJ/kg) 353+ 02 0.1 36.1 + 0.6 0.3 36.8 + 0.3 0.1 39.1 £ 0.8 0.8
% Cgii 54.1 + 0.6 0.4 56.1 + 0.2 0.1 57.6 £ 0.5 0.3 582 + 0.7 0.1
% N,il 0.8 +£ 0.1 0.0 0.6 +£ 0.2 0.1 12 +£02 0.0 1.0 £ 0.1 0.0
% O,il 29.1 + 04 0.1 29.0 + 0.6 0.1 289 + 0.3 0.1 29.0 + 1.0 0.4
Yy (%) 112 + 07 0.8 7.8 0.1 0.1 101 + 0.5 0.5 11.8 + 06 0.9
P (%) 16.6 + 0.6 03 40.6 + 02 03 449 £ 06 38 549 + 0.6 0.9
NH;N,jgqap (%) 368 + 02 02 27.1 + 04 02 29.1 + 0.4 03 157 + 0.1 0.0
Mg,iqap (%) 70.1 + 1.0 04 62.0 + 02 0.5 66.0 + 02 02 637 + 0.5 02
Cayaar (%) 264 + 02 02 418 + 03 04 404 + 0.1 0.1 45.5 + 0.4 0.4
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Figure 7. Results from HTL experiments on acid whey and manure digestate mixtures at 354 °C, 21 min, and AW/MD of 1.21 without (pH S.5)
and with (pH 3.5—5) additional pre-acidification using acetic acid: (A) biocrude elemental composition and energy recovery and (B) yield of

products and elements.

of 21 min, and AW/MD of 1.21. From the energy recovery
aspect, an AW/MD of 1.21 resulted in a feedstock pH of 5.55,
allowing the achievement of the highest Y,; (see Section 3.1).
Combined with the reaction temperature and time of 354 °C
and 21 min, respectively, the maximum biocrude production
was accompanied with less NH;-N fixation and significant
heteroatom removal, increasing NH;-Ny;oiq.op and ER ;. From
the nutrient yield aspect, an AW/MD of 1.21 provided optimal
acidity to dissolve mineral nutrients, yielding maximal
Mgyiiaap Pyiciaar NHz-Nyigapy and Kig ap. Similarly, a
reaction temperature of 354 °C led to the dissolution of more
nutrients due to massive acid generation from the hydro-
thermal decomposition of polysaccharides and lignins. Mean-
while, a reaction time of 21 min retained the dissolved
nutrients in the HTL-AP.

These optimization results were verified through triplicated
HTL experiments on feedstock mixtures with four different
AW/MD mixing ratios (i.e, 0.3, 1.05, 1.21, and 1.6) by
employing the suggested reaction temperatures and times.
Table 6 shows the negligible differences between the estimated
and experimental values of the optimized responses, suggesting

high accuracy of the responses’ regression models for all sets of
combinations of independent variables.

3.3. Comparison with Acetic Acid-Catalyzed HTL. This
section evaluates the characteristics of co-liquefaction products
without and with the addition of acetic acid into the co-
liquefaction feedstock mixture. The applied HTL process
conditions were 354 °C, 21 min, and AW/MD of 1.21, that is,
equivalent to a feedstock pH of 5.5 without acetic acid
addition.

Figure 7 demonstrates that the co-liquefaction feedstock did
not require acetic acid addition if the targeted outcome was
only recovering carbon/energy in the biocrude. The ERgy
plateaued when feedstock pH dropped from 5.5 to 4.5 with
acetic acid addition (see Figure 7A). A significant decrease of
ER,; was observed when feedstock pH was <4.5. The ER;
reduction was due to the decrease in % C_; and % H; and the
increase in % O, (see Figure 7B), leading to lower HHV,.
The change in elemental composition was associated with the
enhanced carboxylation of biocrude due to the increasing
amount of acetic acid in the feedstock. This was evidenced by
(1) the decrease in H/C atomic ratio and the increase in the
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O/C atomic ratio (see the van Krevelen diagram in Figure
S33) and (2) a higher composition of acids and esters in
biocrude oil produced from feedstock mixture with a pH of
<4.5 (see Table S19). Moreover, more acidic feedstock pH
increased Yy, which is undesirable. Hydro-char may adsorb
the biocrude oil during HTL, resulting in the requirement of
the post-HTL extraction process and therefore higher
operational cost. Hydro-char may also cause partial pluggin
of the reactor’s pressure control valves and piping systems,
jeopardizing the HTL process safety.

If the targeted outcomes included high nutrient yield in the
HTL-AP, acetic acid would have to be added to the feedstock
mixture. Acetic acid was relatively stable until 400 °C.
Meanwhile, lactic acid, as the main acid contributor from
acid whey, may undergo decarboxylation into acetaldehyde,
CO,, and H, at near-supercritical water temperatures.*> This
was confirmed by the absence of lactic acid and the presence of
acetaldehyde in the HTL-AP at temperatures >320 °C (see
Table $20). Adding acetic acid into the feedstock mixture until
the feedstock is pH < 4.5 may (1) adequately cover the partial
loss of acidity due to the lactic acid decomposition and (2)
lead to producing more acids in the reaction medium during
HTL through the acidic HTL reaction pathways.” As a result,
more mineral nutrients were solubilized in the HTL-AP. This
was proven by the increasing trend of Pyq.apy Cayieig-ap, and
Mg,;uia-ap at a feedstock pH of <4.5 after being stabilized at a
feedstock pH of 5—5.5. In addition, Figure 7B shows that NH;-
Nyeq-ap increased at a feedstock pH of <4.5, indicating an
enhanced deamination of amino acids and nitrogen removal
from biocrude oil as NH;-N in HTL-AP. Considering both
energy and nutrient recovery aspects, the most acidic pH after
acetic acid addition that could be employed was pH 4.5 to
maintain the high biocrude energy recovery while improving
the nutrient yield in HTL-AP.

4. CONCLUSIONS

Sustainable resource recovery, particularly carbon and
nutrients, from waste byproducts of concentrated animal
feeding operations and subsequent milk processing is required
to achieve a circular bioeconomy for the dairy industry. This
study examined the potential of using hydrothermal co-
liquefaction of manure digestate with acid whey to produce
energy-rich biocrude oil and a nutrient-rich aqueous-phase
coproduct. In the presence of acid whey in the feed mixture,
the amount of acetic acid required to catalyze the conversion
was lower.

The effects of reaction conditions, including temperature
(280—360 °C), reaction time (10—S0 min), mixing ratio of
acid whey to manure digestate (AW/MD of 0—2), and the
amount of acetic acid addition (i.e,, measured based on final
feedstock pH values ranging from 3.5 to $.5), were investigated
using a comprehensive experimental design to quantify the
distribution of products and the fate of elements. Experimental
results demonstrated that adding acetic acid to the feedstock
mixture with an AW/MD ratio of 1.21 to reach a pH of 4.5
before being processed yielded maximum carbon recovery in
biocrude oil (i.e, 75% or equivalent to 73% energy recovery)
with less heteroatom content (i.e., 23% O and 1.3% N) and
significant nutrient yield in the aqueous-phase coproduct (i.e.,
40% NH;-N, 63% P, 60% Mg, and 45% Ca) when reacted at a
temperature of 354 °C for 21 min. An AW/MD of 1.21 raised
the content of polysaccharides and hydrogen donors in the
feedstock, increasing the biocrude yield through the formation

of non-polar species, for example, pyrones, cyclic Cs-ketones,
furandiones, cyclic Cgketone, dioxanes, dioxolanes, and
pyrans. Acetic acid addition to give a feedstock pH of 4.5
adequately compensated for the partial loss of acidity of the
reaction medium during HTL due to lactic acid decomposition
at near-supercritical water temperatures. This compensation
resulted in a higher dissolution of mineral nutrients in the
aqueous phase while still maintaining the maximum biocrude
energy recovery. A reaction temperature of 354 °C also
resulted in a higher heating value of biocrude. Most likely, this
was a result of removing heteroatoms via decarboxylation,
dehydration, direct cleavage of amino group, and a series of
aromatic saturation, ring opening, and deamination utilizing
hydrogen donors supplied by acid whey, forming more
aliphatic hydrocarbons in biocrude oil. A reaction time of 21
min was sufficient for acid production from the conversion of
polysaccharides and lignins during HTL in order to dissolve a
significant amount of mineral nutrients in the aqueous phase.

These results suggest that mixing acid whey in the HTL
feedstock can not only partially replace acetic acid by
contributing acidity to the feedstock mixture but also improve
the quantity and quality of biocrude oil through the presence
of polysaccharides and hydrogen donors. Moreover, the
significant recoverable yield of carbon and nutrient in the
biocrude and the aqueous-phase coproduct, respectively, shows
the potential of hydrothermal co-liquefaction in mitigating
several environmental threats (e.g., global warming, eutrophi-
cation of water basin, acidification of ecosystems, and aerosol
pollution) caused by uncontrolled emission of carbon and
nutrients as a result of the improper management of dairy
waste.

Although this study demonstrated that hydrothermal co-
liquefaction could be a key process in resource-efficient
valorization of biomass for sustainable waste management in
the dairy sector, further processing will be required for
practical applications. For example, the produced biocrude oil
will need to be refined to reach desired “drop-in” fuel quality
and the nutrient mixture in the aqueous-phase coproduct will
need to be further processed to recover nutrients for reuse.
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