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Strategies for the use of amendments on agricultural soils are needed to help build

resilience against potential soil threats. Gypsum is commonly applied to improve soil

quality and nutrient supply. However, the sustainability and environmental safety of some

gypsum sources is uncertain. This study aims to i. characterize a new by-product,

lacto-gypsum, derived from a dairy whey side stream over a 1 year pilot production

cycle and ii. assess the temporal variability of the raw form of lacto-gypsum and the

stability of its physico-chemical and compositional properties when stored under three

potential storage regimes. Results showed that lacto-gypsum compares favorably with

conventional equivalents in terms of nutrient and trace element concentrations and

represents an environmentally safe material free of contaminants. Storage form did not

affect its main physico-chemical characteristics over time and the raw lacto-gypsum

remained stable up to 20 days when stored at 4◦C. In contrast to conventional gypsum,

the lacto-gypsum had very low pH. In general this new lacto-gypsum shows potential

as a suitable product for use as a soil amendment or as an acidification agent for animal

slurry to reduce ammonia gas emissions during storage. However, further evaluation of

this by-product in real life scenarios is required.

Keywords: dairy whey side streams, dairy residues bio-refinery, gypsum, soil quality (SQ), soil amendments,

circular economy

INTRODUCTION

The application of amendments to agricultural soils can help to build soil resilience against
potential soil threats such as soil compaction, erosion, soil fertility or organic matter (OM) loss
(Amoah-Antwi et al., 2020). One option is natural/mined gypsum, which has been used for decades
to improve soil structure (Hamza and Anderson, 2002, Herrero et al., 2009, Chen and Dick, 2011,
Chi et al., 2012). From a chemical perspective gypsum is proven to be an excellent source of Ca
and S both of which are beneficial for plant growth (Dick et al., 2006; Batool et al., 2015; Walia
and Dick, 2016). The Ca present in gypsum binds OM to clay, thereby protecting it and preventing
carbon (C) losses (Walia and Dick, 2018). In addition, gypsum amendment overcomes problems
with subsoil acidity and aluminum toxicity in some soils (Toma et al., 1999, Sumner, 1993; Farina
et al., 2000). Application of gypsum as amendment for the treatment of alkali and saline soils is also
a widely used practice (Oster and Frenkel, 1980; Shainberg et al., 1989; Dick et al., 2006). In terms
of physical quality, the Ca in gypsum increases the aggregation potential of soil particles making
the soil more resilient against compaction (Watts and Dick, 2014; Walia and Dick, 2019).
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GRAPHICAL ABSTRACT | Graphical representation of the lacto-gypsum production through circular economy approach and research design adopted in this study.

Gypsum comes in many different forms e.g., the gypsum used
in soils is typically natural gypsum, which is mined or quarried
(calcium sulfate dihydrate in dry powder form containing 80–
98% product as particles<150µm). Other commercial sources of
gypsum (synthetic) as a by-product from the food, construction
waste and glass crystal industries (Fauziah et al., 1996; Illera et al.,
2004), and flue gas desulfurization gypsum are also available
(Dick et al., 2006; Wang and Yang, 2018; Koralegedara et al.,
2019). However, the sustainability of supply and environmental
safety of some gypsum sources is uncertain (Watts and Dick,
2014) and any new source of gypsum must be analyzed for
toxicity prior usage on agricultural soils, especially for food
production. Furthermore, all commercially, gypsum sources
must comply with the European regulations, such as the EU
fertilizer regulation, prior application to agricultural soils.

Within the agricultural industry and in particular in dairy
industry, there is much scope to valorise residues produced
during milk processing and to reuse these by-products as inputs
to the production system on farms. The global milk industry
yearly produces an enormous volume of dairy residues. Ireland,
is one of the main producers of cow’s milk in Europe (with 5%
of milk production (Eurostat, 2019), that inevitably contributes
to the progressive increase of dairy residues (DAFF, 2011;
Finnegan et al., 2017). New technologies, such as integrated
dairy processing residue bio-refineries are being implemented
to convert dairy residues to valuable by-products following a
circular approach. Currently, dairy residues treatment consists
on the removal of fats, oils, greases, organic materials, suspended
solids and nutrients such as phosphorous (Ryan and Walsh,
2016; Ashekuzzaman et al., 2019). In Ireland, research is
ongoing toward the development of an industrial-scale bio-
refinery which aims to valorise over 25,000 tons (100% dry
matter) of undervalued dairy processing side streams per

annum. This includes the extraction and reuse of excess whey
permeate and de-lactosed whey permeate as well as several
added value products for growing global markets e.g., L-
Lactic acid (LA), polylactic acid (PLA), minerals for human
nutrition, and biobased fertilizers. By-products arising from these
dairy side streams include calcium sulfate, commonly known
as lacto-gypsum.

Therefore, the aim of this study is to:

• provide for the first time characterization information of
this new lacto-gypsum and assess its potential to be used
as a soil amendment by comparing its physico-chemical and
compositional characteristics with conventional gypsum used
in agriculture;

• assess the variability of the lacto-gypsum produced at pilot
plant scale over 1 year production cycle and evaluate its
stability in storage post production. Specifically, we tested:
i. the variability in lacto-gypsum properties under three
potential storage regimes and ii. the temporal variability of raw
lacto-gypsum properties post production.

MATERIALS AND METHODS

This section describes the process of lacto-gypsum production
from the industrial whey permeate treatment and the sampling
strategy at pilot plant and laboratory scale.

Lacto-Gypsum Production and
Characterization
Dairy whey side-streams are treated with Glanbia Ireland
through a novel process for demineralization and partially
cleaning recovered lactose from the whey permeate streams
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which are utilized as fermentation substrate for Lactic acid
microbial production. Whey permeate is a low value by-product
of whey processing from dairy industry. Whey permeate is rich
in lactose which makes it a potentially sustainable substrate for
lactic acid bacterial fermentation and it is currently used in cattle
feed with limited exploration of other commercial uses. As a
part of lactic acid downstream purification process, bacterial cells
are removed after complete fermentation using centrifuge from
calcium lactate fermentation broth. In the recovery phase, the
fermentation broth containing calcium lactate is neutralized with
96% sulphuric acid to produce calcium sulfate (gypsum) and a
free form of lactic acid is obtained. The gypsum precipitates in
fermentation broth due to sulphuric acid neutralization reaction
and this insoluble gypsum is separated by belt filtration method

(Morrissey et al., 2019). In this process, the calcium sulfate is
recovered as an additional by-product called lacto-gypsum. The
post-gypsum liquor is subjected to a series of steps to purify the
lactic acid. The developed process removes all forms of impurities
like proteins, color and minerals and at the end, a polymer
grade lactic acid is achieved as final product. Figure 1 show a
graphical representation of the treatment of whey permeate and
the production of lacto-gypsum.

The lacto-gypsum evaluated in this study was raw lacto-
gypsum by-product produced at the Glanbia Ireland’s bio-
refinery pilot plant at Lisheen mine, Co. Tipperary, Ireland,
between autumn 2018 and summer 2019. Three different batches
of lacto-gypsum were produced during the optimization of the
pilot plant process over a 1-year period, as follows:

FIGURE 1 | Graphical representation of the whey permeate treatment process and lacto-gypsum production.
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• Gy 1: Batch 1–November 2018;
• Gy 2: Batch 2–April 2019;
• Gy 3: Batch 3–June 2019.

These three lacto-gypsum batches Gy1-3 correspond to the
end (Nov), start (April) and middle (June) of the typical milk
production season for a spring calving dairy cow herd, which
dominate in Irish systems. At each of these times, three separate
replicate samples of about 5 kg each of raw lacto-gypsum were
collected at the end of the gypsum separation process line for each
sampling date (i.e., from each batch). The samples were placed in
sealed containers and kept cool (4◦C). An initial compositional
analysis was conducted on these samples at the LisheenAnalytical
Laboratory following which they were sent directly to Teagasc
Johnstown Castle Laboratories for physico-chemical analysis and
further research on lacto-gypsum storability and effects of storage
forms. On arrival at the lab each lacto-gypsum sample was in a
semiliquid form where two phases were evident; a liquid phase
at the top with a yellowish color and with some suspension
greasy material and a settled solid phase toward the bottom of
the container. The samples were stored at 4◦C, homogenized
uniformly within 1–2 days and three raw subsamples were taken,
corresponding to storage time 1 (T) and transformed/analyzed in
three different forms: (i) Wet (raw) sample (W); (ii) Freeze dried
sample (F); (iii) Dried sample (D).

The remaining raw sample was stored at 4◦C and after a
further 20 days was homogenized and subsampled again and the
transformation/analyses were repeated for storage time 2 (T2).

Lacto-Gypsum Characterization: Samples
Preparation and Analysis
The following analyses were performed on the T1 and T2
subsamples corresponding to the replicate samples collected
from each lacto-gypsum batch Gy1-3.

pH was determined in the raw subsamples using a probe after
stirring (Byrne, 1979).

(i) about 200–400 g of raw lacto-gypsum was transferred into
petri dishes for freezing (−20◦C) and subsequently, freeze
dried using ScanVac (CoolSafe 55-9 Pro) freeze dryer at
−55◦C for about 24–48 h.

(ii) about 200 g of raw lacto-gypsum was dried for about 24 h at
105◦C in an oven.

The freeze dried and the dried samples were pulverized in amixer
mill (Retsch MM200) with a vibrational frequency of 25Hz for
1min. The resulting powder samples were stored in falcon tubes
at room temperature for analysis; the raw sample leftover was
stored in the fridge at 4◦C.

In the three forms, (i). Wet sample (W); (ii). Freeze dried
sample (F); (iii). Dried sample (D), the following analysis
were performed:

Total carbon (TC), total nitrogen (TN) were determined
by dry combustion using a CN LECO FP 2000 analyser
(LECO Corp., St. Joseph, MI). The concentrations of nutrients
[phosphorus (P), potassium (K), magnesium (Mg), sulfur (S),
sodium (Na), and calcium (Ca)], and metals [arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni),

lead (Pb), zinc (Zn), aluminum (Al), iron (Fe), cobalt (Co),
molybdenum (Mo) andmanganese (Mn)] were determined by an
Agilent 5100 synchronous vertical dual view inductively coupled
plasma optical emission spectrometer (Agilent 5100 ICP-OES)
following the microwave-assisted acid digestion (USEPA, 1996).

Dry matter (DM) percentage of the lacto-gypsum samples
was determined by weight difference post oven drying at 105◦C.
Organic matter (OM) wasmeasured as the loss-on-ignition of the
dried residue at 550◦C in a muffle furnace (Storer, 1984).

Volatile organic acids (VFAs) and sugars were assessed on the
wet sample by using high-performance liquid chromatography
system equipped with a refractive-index detector (HPLC, Agilent
1200, Japan).

Statistical Analyses
STATISTICA 12.0 software (StatSoft Inc., Tulsa, Oklahoma,
USA) was used for all statistical analysis. Factorial ANOVA was
used to evaluate the differences (p < 0.05) between batch (Gy1,
Gy2 and Gy3), form (Dried—D; Freeze-dried—F; and Wet—W)
and time (T1 and T2) for dry matter, organic matter, pH, major
nutrients and trace elements. A one-way ANOVAwas applied for
the analysis of organic acids and sugars to test differences between
batches (Gy1, Gy2, and Gy3). Differences between treatments
were tested using Tukey’s comparison test (p ≤ 0.05). The tests
were performed to 3 samples for each treatment and values were
reported as average ± standard deviation. Principal Component
Analysis (PCA) was used to assess the heterogeneity of the data.

RESULTS AND DISCUSSION

A full characterization of different gypsum sources and the new
lacto-gypsum has been investigated and described below.

Conventional Gypsum vs. Lacto-Gypsum
Characteristics: Physico-Chemical
Composition
In the past, commonly used forms of gypsum, in particular
natural/mined gypsum and flu-gas desulfurization (FGD)
gypsum, have been fully characterized and evaluated as
amendments for soils, and have been proven to improve soil
structure and soil quality (Table 1). A comparison between
existing literature data on physico-chemical characteristics of
different gypsum types and the new lacto-gypsum has been
performed in order to identify the main differences for potential
use. Full physico-chemical composition of existing forms of
gypsum and the new lacto-gypsum are reported in Tables 1, 2.

The results show a very low pH for the lacto-gypsum with
respect to the most commonly used gypsum types (average pH
for lacto-gypsum of 2.7 vs. natural gypsum and FGD gypsum of
pH 6.5 and 7.5, respectively) (Tables 1, 2). This acidity was due
to the presence of lactic acid (Table 2) carried forward into the
lacto-gypsum by-product in the purification process.

This characteristic reduces to a certain extent the potential
of this product to be land-spread as it is, especially in very
acidic soils. However, the acidic nature of the lacto-gypsum
could be used to acidify other media. One example in agriculture
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TABLE 1 | Characterization of different Gypsum types in use and lacto-gypsum tested in this study (average).

Gypsum type EU limit values

Parameters Unit Natural gypsuma Mined gypsumb Natural Gypsumc FGD

gypsumd,e

FGD

gypsumf,g

Lacto-

Gypsum

EU limit soilh EU limit sludgeh

Major

nutrients

pH - - 6.5 7.5 - 2.7 - -

EC ms cm−1 - - 7.5 2.6 - - - -

DM % - - - - - 44.9 - -

OM % - - - - - 9.5 - -

Total C % - - 1.29 0.16 - 1.5 - -

Total N % - - 0.13 0.01 - 0.4 - -

Total P mg kg−1
<8.32 1,600 <100 <100 141 903.8 - -

Total K mg kg−1 223 80 500 4,400–6,500 800–1,500 992.1 - -

Total Mg mg kg−1 6.58 10 1300 6,500–22,800 3,800–

16,2000

109.9 - -

Total Na mg kg−1 52 100 - - - 687.6 - -

Total Ca g kg−1 196.7 218 247 163–272 241–412 696 - -

Total S g kg-1 154.4 18 207 104–167 82–183 160.9 - -

Trace

elements

Cr mg kg−1 - - - - 11.7- 25.3 0.6 - -

Cu mg kg−1 - 12 <0.8 <0.1–7.6 16.5–913 0.3 140 1,750

Ni mg kg−1 - - 2.3 1.5–17.3 16.4–58.2 nd 75 400

Zn mg kg−1
<0.78 1.4 6.1 2.5–14.3 55–389 4.3 300 40,00

Al mg kg−1 - - 1,500 5,500–12,300 6,000–28,000 22.3 - -

Fe mg kg−1 1.0 830 900 1,700–14,900 7,000–27,000 16.8 - -

Mn mg kg−1 - 0.5 31 90–403 63–625 1.3 - -

Mo mg kg−1 1.13 - 0.8 0.5–14.7 <0.02–25.3 nd - -

Pb mg kg−1 - 3.2 1.2 3–218 5–28 nd 300 1,200

As mg kg−1 - - <2.6 <2.6 5.4–213 nd - -

Cd mg kg−1 0.02 - 0.3 <0.01 0.5–3.9 nd 3 40

Co mg kg−1 - - - - 3.9–27.3 nd - -

Se mg kg−1 - - <1.2 2.1 2.3–4.6 - - -

Hg mg kg−1 - - 0.02 0.25 - - -

B mg kg−1 14.3 - 168 98–175 - - -

aWalia and Dick (2019).
bKauppila and Pietola (2013).
cMupambwa et al. (2015).
dBaligar et al. (2011).
eWang and Yang (2018).
fKost et al. (2018).
gKoralegedara et al. (2019).
hAshekuzzaman et al. (2019) and EEC (1986).

Concentration of nutrients and trace elements, comparison with European Union (EU) regularity.
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TABLE 2 | Major nutrient content, trace elements, organic acids, and sugars in lacto-gypsum.

Gy1 Gy2 Gy3

Parameters Unit T1 T2 T1 T2 T1 T2 Average

Major nutrients pH 3.0 ± 0.0ns 3.1 ± 0.0ns 2.8 ± 0.0ns 2.7 ± 0.0ns 2.3 ± 0.0ns 2.5 ± 0.0ns 2.7

DM % 40.6 ± 3.2ns 41.4 ± 3.3ns 49.2 ± 3.9ns 44.9 ± 3.6ns 46.8 ± 3.7ns 46.2 ± 3.7ns 44.9

OM % 5.2 ± 0.4a 5.3 ± 0.4a 11.8 ± 0.9b 13.8 ± 1.1b 13.1 ± 1.0b 7.4 ± 0.6a 9.5

Total C % 1.7 ± 0.2bc 0.2 ± 0.0a 2.3 ± 0.6c 2.5 ± 0.4c 1.1 ± 0.2ab 1.1 ± 0.3ab 1.5

Total N % 0.2 ± 0.0a 1.5 ± 0.1b 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.1a 0.1 ± 0.0a 0.4

Total P mg kg−1 949.0 ± 195.2bc 986.7 ± 159.3bc 1178.8 ± 27.5c 1172.6 ± 183.8c 625.1 ± 105.7ab 510.6 ± 49.4a 903.8

Total K mg kg−1 749.1 ± 97.0a 837.7 ± 122.8a 1368.2 ± 199.5b 1427.3 ± 271.5b 837.4 ± 164.4a 732.8 ± 32.5a 992.1

Total Mg mg kg−1 91.7 ± 12.5ac 97.1 ± 11.8ac 148.3 ± 49.6ab 186.1 ± 32.1b 73.5 ± 17.6c 62.3 ± 1.3c 109.9

Total Na mg kg−1 630.7 ± 98.5ac 597.2 ± 101.7a 931.6 ± 140.0bc 1052.7 ± 198.4b 506.0 ± 80.7a 407.6 ± 36.4a 687.6

Total Ca g kg−1 1094.8 ± 1585.2ab 2303.9 ± 600.8b 203.3 ± 65.6a 183.2 ± 38.7a 211.5 ± 166.5a 179.0 ± 33.8a 696

Total S g kg−1 158.7 ± 66.8ns 187.8 ± 47.4ns 155.9 ± 49.6ns 125.4 ± 31.4ns 214.2 ± 40.7ns 123.6 ± 24.9ns 160.9

Trace elements Cr mg kg−1 0.3 ± 0.2 ns 0.4 ± 0.1 ns 0.6 ± 0.1 ns 0.8 ± 0.7 ns 0.7 ± 0.1 ns 0.7 ± 0.2 ns 0.6

Cu mg kg−1 0.1 ± 0.2 ns 0.3 ± 0.1 ns 0.2 ± 0.2 ns 0.5 ± 0.2 ns 0.5 ± 0.2 ns 0.3 ± 0.1 ns 0.3

Ni mg kg−1 nd a nd a nd a nd a 2.8 ± 1.0b nd a nd

Zn mg kg−1 0.4 ± 0.7a 1.0 ± 0.0a 9.9 ± 2.9b 12.1 ± 2.2b 1.6 ± 0.4a 0.7 ± 0.1a 4.3

Al mg kg−1 15.3 ± 2.9ac 15.3 ± 2.7ac 36.0 ± 5.3ab 46.3 ± 15.8b 10.1 ± 7.6c 11.0 ± 2.0c 22.3

Fe mg kg−1 8.3 ± 3.2a 9.5 ± 1.7a 26.4 ± 5.3b 38.1 ± 8.4b 5.9 ± 4.7a 12.6 ± 1.8a 16.8

Mn mg kg−1 1.1 ± 0.2ac 1.1 ± 0.2ac 2.0 ± 0.7ab 2.4 ± 0.2b 0.5 ± 0.3c 0.8 ± 0.0c 1.3

Mo mg kg−1 nd nd nd nd nd nd nd

Pb mg kg−1 nd nd nd nd nd nd nd

As mg kg−1 nd nd nd nd nd nd nd

Cd mg kg−1 nd nd nd nd nd nd nd

Co mg kg−1 nd nd nd nd nd nd nd

Organic Acids Lactic Acid mg l−1 41531b - 36215a - 60047c - 45,931

Citric Acid mg l−1 nd a - 1055b - 1336c - -

Malic Acid mg l−1 nd - nd - nd - nd

Pyruvic Acid mg l−1 nd - nd - nd - nd

Succinic Acid mg l−1 nd a - nd a - 193 b - -

Formic Acid mg l−1 nd a - nd a - 446b - -

Acetic Acid mg l−1 nd a - nd a - 603b - -

Propionic Acid mg l−1 nd - nd - nd - nd

Butyric Acid mg l−1 nd - nd - nd - nd

Sugars Lactose mg l−1 1413c - nd a - 502b - -

Glucose mg l−1 nd - nd - nd - nd

Galactose mg l−1 nd a - 278 b - 834c - -

nd, not detectable; nd, concentrations of Ni, Mo, Pb, As, Cd, Co were <0.6, <0.5, <2, <1.5, <0.15, <0.3mg kg−1, respectively.

Statistical significance within treatments is indicated by different letter, for non-significance: same/common letter or ns is present.
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is the acidification of animal slurries. A reduction of pH of
slurry has been shown to reduce ammonia gas emissions and
also to inhibit bacterial processes involved in the release of
greenhouse gases (GHG) (Sommer and Husted, 1995). Kavanagh
et al. (2019) evaluated the efficacy of common chemical by-
product amendments for acidification of stored slurry/manure
for the purposes of reducing ammonia gas emissions. While
lacto-gypsum was not evaluated in this previous study, the low
pH may be conducive to achieve the desired reduction in slurry
pH (<5.5) while not introducing contaminants such as heavy
metals etc. However, this practice can be potentially hazardous
for the operator due to the possible liberation of hydrogen sulfide
(H2S) after mixing lacto-gypsum and slurry. Further research,
including experiments to test different ratios of lacto-gypsum
to slurry input, focusing on H2S gas suppression measures (EC,
2002; Asakura, 2015) needs to be completed to assess lacto-
gypsum potential as a slurry acidifications agent and its effects
on slurry nutrient availability and health and safety.

Data for the main nutrients and trace elements vary
considerably between the different gypsum types (Table 1).
The lacto-gypsum shows low total C (1.5%) and total N
(0.4%), concentrations similar to the ones reported for natural
gypsum (Mupambwa et al., 2015) but, in general, higher than
values typically found in FGD gypsum (Wang and Yang, 2018)
(Tables 1, 2).

Lacto-gypsum P, K, and S seem to be higher than the ranges
reported for the conventional sources of gypsum such as natural
gypsum and FGD gypsum (Tables 1, 2). However, these values
were generally low compared to standard chemical fertilizer
nutrient sources (Wall and Plunkett, 2016). In particular the P
content was, in average, about ten times higher for the lacto
gypsum compared to natural gypsum and FGD gypsum, and
ranged from 510.6 to 1178.8mg kg−1 within the three batches
(Tables 1, 2). The S content in the lacto–gypsum was comparable
to other gypsum types (160 g kg−1 vs. 207 g kg−1 for natural
gypsum as per Mupambwa et al. (2015) and 104–167 or 82–183 g
kg−1 for FGD gypsum as reported byWang and Yang (2018) and
Koralegedara et al. (2019), respectively).

Walia and Dick (2019) found that the addition of natural
gypsum to soils helped to reduce the concentration of P in the
leachate water collected. This would suggest that the gypsum is
able to form Ca-P complexes which help to retain the nutrients in
the soil and reduce P losses (Walia and Dick, 2019). The content
of P in the lacto-gypsum, coupled with high Ca content (Table 2)
may represent an opportunity to supply plant available P while
reducing the potential risk of nutrient loss.

Walia and Dick (2019) also found that the combination of
gypsum and a readily available form of C, such as glucose, seemed
to increase soluble P and S concentration in the soil, increasing
the risk of losses. This is probably due to the high microbial
activity promoted in the soil which enhanced the solubilisation
of these two elements (Bondi et al., 2016). Further studies need
to take into account the in-field application of lacto-gypsum
in association with different sources of C commonly used in
agricultural systems in Ireland. This will help to account for rates
of application and interactions with mineral or organic fertilizers
such as manure or slurry sources.

In general, these data indicated that the lacto-gypsum nutrient
pool is similar to the one of other types of gypsum commonly
used to soils as amendments.

The content of metals, in lacto-gypsum was also evaluated.
Overall metals level was very low, with levels of heavy metals
below the limits of detection for ICP-OES for Mo < 0.5, As <

1.5, Co < 0.3, Pb < 2.0, and Cd < 0.15 and Ni < 0.6mg kg−1

(with the exception of Ni in Gy3T1) (Table 2). Furthermore, all
the values for heavy metal concentrations in the lacto-gypsum
were significantly lower than the thresholds recommended by
EU regulations for soil and sludge confirming that heavy metal
content is not a limiting factor in terms of toxicity for the
land application of lacto-gypsum as an amendment (Table 1)
(Ashekuzzaman et al., 2019). The average levels of Cu and Zn
for lacto-gypsum were close to the lower range reported for
FGD gypsum, while, average Mn content was in line with the
natural gypsum values reported by Walia and Dick (2019) and
Mupambwa et al. (2015) (Tables 1, 2). Very low levels of Fe and
Al were also found. The concentration of Fe was 16.8mg kg−1 for
lacto-gypsum compared to aminimum value of 1,700mg kg-1 for
FGD gypsum; Al was 22.3mg kg−1 for lacto-gypsum vs. 5,500mg
kg−1 for FGD gypsum. However, FGD gypsum may typically
contain higher levels of metals than mined gypsum or alternative
forms of gypsum as result of the coal combustion process (Wang
and Yang, 2018; Koralegedara et al., 2019). In general, these data
showed that the lacto-gypsum can be considered to contribute
low levels of metals, when used as a soil amendment.

Storage Effect: Form and Time
No significant differences were found between the three storage
forms (D, F, and W) within the same batch and sampling time
(T1, T2), for any of the physico-chemical parameters evaluated
(Table 3). This indicates that the storage form evaluated did
not alter the overall nutrient and chemical characteristics
(Table 3). This is encouraging as it shows that the lacto-gypsum
could be stored and used in its raw semiliquid form with no
additional costs of transformation or processing for storage
purposes. However, from a practical perspective, handling this
raw form in large quantities could present difficulties for
achieving a consistent product prior to transportation or even
in land-spreading.

This initial short-term (20 days) temporal sampling study
within the same batch indicates that the lacto-gypsum was
relatively stable over time. This means that this by-product is
able to keep its properties for at least 20 days when stored at
4◦C. However, a change in the Ca content for Gy1 between
the two sampling times was found (Tables 2, 3). This was
associated to a significant decrease of total C for this batch at
the second sampling time (T2) (Table 2) which may indicate that
the lacto-gypsum was losing C over time, likely as CO2 emission.
Measuring CO2 efflux from the by-product would help identify
if it remains biologically active. However, another potential
explanation for variability in the Ca and C concentrations may
have resulted from the wet lacto-gypsum material not being fully
homogeneous as the sample was taken at the different times. Even
with careful adherence to the sampling protocol this material
was difficult to mix and to achieve a fully homogenous sample
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TABLE 3 | Factorial ANOVA used to evaluate the differences between lacto-gypsum batches, time of storage, form of storage and their interactions for dry matter,

organic matter, pH, major nutrients and trace elements.

Form Batch Time Batch*Time

pH ns ns ns ns

DM ns p < 0.05 ns ns

OM ns p < 0.05 p < 0.05 p < 0.05

Total C ns p < 0.05 p < 0.05 p < 0.05

Major nutrients Total N ns p < 0.05 p < 0.05 p < 0.05

Total P ns p < 0.05 ns ns

Total K ns p < 0.05 ns ns

Total Mg ns p < 0.05 ns ns

Total Na ns p < 0.05 ns ns

Total Ca ns p < 0.05 ns ns

Total S ns ns ns ns

Trace elements Cr ns ns ns ns

Cu ns ns ns p < 0.05

Ni ns p < 0.05 p < 0.05 p < 0.05

Zn ns p < 0.05 ns ns

Al ns p < 0.05 ns ns

Fe ns p < 0.05 p < 0.05 ns

Mn ns p < 0.05 ns ns

Mo ns ns ns ns

Pb ns ns ns ns

As ns ns ns ns

Cd ns ns ns ns

Co ns ns ns ns

Organic acids Lactic Acid - p < 0.05 - -

Citric Acid - p < 0.05 - -

Malic Acid - ns - -

Pyruvic Acid - ns - -

Succinic Acid - p < 0.05 - -

Formic Acid - p < 0.05 - -

Acetic Acid - p < 0.05 - -

Propionic Acid - ns - -

Butyric Acid - ns - -

Sugars Lactose - p < 0.05 - -

Glucose - ns - -

Galactose - p < 0.05 - -

Significance at Tukey’s test (p < 0.05), No significance (ns).

One-way ANOVA used to evaluate the differences between lacto-gypsum batches for organic acids and sugars.

throughout, with some settling and flocculation taking place
quickly. For these reasons a longer term study would be needed
to improve the understanding of lacto-gypsum stability during
longer term storage under different environmental conditions.

Heterogeneity in Lacto-Gypsum Batches
Tested Over a Year Pilot Scale
Data analysis of physico-chemical parameters evaluated showed
significant differences between the three batches of lacto-
gypsum produced (Table 3). The continuous optimization of the
industrial process at the pilot plant from which the lacto-gypsum
was produced apparently led to somewhat heterogeneous
material over 1 year pilot study. A crucial factor, during the

optimization process, was the dosage of H2SO4 for precipitation
of CaSO4 which had been adjusted at each time a batch was
produced. The treatment applied to the fermentation broth led to
a high precipitation of CaSO4 in Gy1, confirmed by higher values
of Ca (1094.8 g kg−1 for Gy1, T1). The addition of sulphuric acid
may also have contributed to pull down some other nutrients,

in particular P, resulting in higher values for Gy1 and also Gy2

(949mg kg−1 for Gy1 and 1178.8mg kg−1 for Gy2) (Tables 2, 3).
Gy2 differs from the other two batches for the major nutrients

content, showing the highest values for both times of sampling
in terms of OM, Total C, P, K, Mg, and Na (Table 2). Higher
values of metals, in particular Zn, Al, and Fe (Table 2) were
also found for this batch. Typically Al or Fe salts are used
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to remove nutrients during the wastewater treatment process
(Øgaard and Brod, 2016; Ashekuzzaman et al., 2019). However,
in this case the lacto-gypsum was a direct by-product from
the pilot plant and did not receive post processing to remove
associated nutrients and other contaminants, such as metal salts.
The higher concentration of elements in Gy2 was likely due to
the addition of higher levels of H2SO4 during the acidification
step of the process which promoted their precipitation into the
final by-product. Furthermore, fluctuations of these elements
can be due to differences in the chemical composition of the
whey permeate generated and used in these batch experiments
over time. Assuming the land spreading of a product similar to
Gy2, it is likely that the Al or Fe present will be transferred to
the soil. While, in general, these metal values remain very low
(Peyton et al., 2016), it is good practice that agricultural soils are
managed so that heavy metal immobilization is optimized prior
to application of additional sources of metals. This includes the
addition of the right amount of organic matter. The combination
of lacto-gypsum with a C source in the soil, e.g., can help control
the metal content by changing the soil chemical properties
and its ability to chelate contaminants (Plaza et al., 2009). At
the same time the Ca content of the lacto-gypsum is known
to benefit soil aeration and infiltration rate and, in general,
soil physical properties. This double effect will help preventing
the solubilization of Fe and Al, especially in the environments
intrinsically at risk of ions reductions such as the very wet
environments dominated by poorly drained soils.

Gy3 differs from the other two batches for a significantly
higher content of almost all organic acids and sugars (Table 2).
However, these concentrations would not be sufficient to
represent a high organic load (i.e., fatty acids and lactose) which
can lead to potential pollution problems on land spreading. The
organic contaminants in both Gy1 and Gy2 were considerably
lower overall, making these two batches biologically suitable
by-products for re-use as amendments for agricultural soils.

Variation of the Lacto-Gypsum
Characteristics
The PCA multivariate statistical analysis gives a clearer picture
of the relationship between parameters for the different batches
of lacto-gypsum studied. PCA analysis isolated two principal
components (PC) (total variance explained: 77.2%) covering the
variables related to physico-chemical and biological parameters
for the three batches (Table 4). The 1st PC (44.1% of the total
variance) was related to almost all the major nutrients, trace
elements and organic compounds, while the 2nd PC (33.1% of
the total variance) was associated with some key properties of the
lacto-gypsum such as OM, Total N, DM, Ca, and pH (Table 4).
The score plot provides a graphical representation of the different
lacto-gypsum batches, identifying the parameters that were more
associated with each other; in fact, the graphical closeness of a
variable with an object in the plot showed a correlation between
them. The PCA bi-plot of scores and loadings [combination
of PC1 and PC2 (Figure 2)], showed a clear separation of the
three lacto-gypsum batches analyzed suggesting some differences
in the lacto-gypsum production process over a year pilot scale.
However, each batch was associated with different parameters.

TABLE 4 | Principal component analysis (PCA): Principal component loadings.

Variable PC 1 PC 2

Al −0.878175 0.311006

Ca −0.025737 –0.754357

Cr −0.205309 0.593679

Cu −0.094158 0.339475

Fe −0.841696 0.426966

K −0.856265 0.433700

Mg −0.927282 0.237933

Mn −0.946422 0.151650

Na −0.945401 0.219671

Ni 0.539517 0.390753

P −0.919633 −0.177971

S 0.196456 −0.125934

Zn −0.853512 0.490454

Total C −0.655189 0.482912

Total N 0.000709 −0.693465

OM −0.314127 0.845711

DM −0.035411 0.844364

pH −0.495910 −0.863046

Lactic Acid 0.915848 0.348905

Citric Acid 0.169148 0.968973

Succinic Acid 0.827201 0.535374

Formic Acid 0.827201 0.535374

Acetic Acid 0.827201 0.535374

Lactose 0.362858 −0.897154

Galactose 0.615961 0.774330

Parameters in bold are used for PCA interpretation.

Gy2 and Gy3 are localized in opposite areas of the plot along
PC1 with Gy2 closer to all parameters related to nutrient content
and trace elements and Gy3 closer to the organic contaminants
group (Figure 2). Although different for nature, Gy3 treatments
(storage form and time) were more clustered within each other
than the ones for Gy2. This suggests that between the two,
Gy3 was a more refined product, more stable in terms of
storage form and time. However, the higher organic acid and
sugar concentration in Gy3, even if very low relative to other
amendments or by-products, could be potentially perceived as
problematic for land spreading. A further optimization of the
procedure for lactic acid removal is needed for matrices with
characteristics similar to Gy3.

Both Gy2 and Gy3 are localized in the upper quadrants of
the plot along PC2, closer to OM content, but far from pH
and Ca, which, as expected are highly correlated variables. This
suggests lower pH values for these two batches. On the other
hand, Gy1 seems to be neutral in terms of major nutrients,
trace elements and organic contaminants (as is sitting on the
0 point for PC1), while it is shifted down on the plot along
PC2, suggesting an increase of pH and Ca among others. These
two parameters are key factors for the agricultural reuse of
lacto-gypsum, being able to discriminate the quality of the by-
product directly at processing plant. The precipitation of Ca,
in fact, is the demonstration that the acidification treatment

Frontiers in Sustainability | www.frontiersin.org 9 February 2021 | Volume 1 | Article 625727

https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles


Bondi et al. Lacto-Gypsum: A Valuable By-Product for Amending Soils

FIGURE 2 | Principal component analysis for differences between batches, form and time of sampling based on all parameters investigated. D, Dried; F, Freeze-dried;

W, Wet; Time, T1, T2. LAc, Lactic Acid; CAc, Citric Acid; SAc, Succinic Acid; FAC, Formic Acid; AAc, Acetic Acid.

fully functioned. The adjustment of pH during the production
process, through the dosage of H2SO4, not only influences the
final content of Ca and S but also the concentration of other
nutrients, which can be pulled out from the fermentation broth.
However, some nutrients, if too high in concentration, can return
in the soil in a soluble form thus being at risk of loss. Gy1
represent a good quality batch, carrying enough quantity of
nutrients to be considered a good media for nutrient supply,
and at the same time being able to prevent potential nutrient
losses by forming insoluble complex trough the high amount
of Ca present. Theoretically, the Ca content present in this
batch can be sufficient to retain the amount of P, by forming
P–Ca compounds, once the by-product is spread in the soil.

This will help prevent the P from leaching (Carreira et al.,
2006).

Furthermore, changes in the pH of the final by-product,
even if small, can determine its final use. Lacto-gypsum with a
lower pH can have a higher potential if used as amendment to
acidify other media such as slurry or manure prior spreading
so to reduce NH3 and GHGs emissions. The batches do not
particularly differ in pH, so the three of them are equally good for
this purpose. However, the dosage of H2SO4 used for production
of Gy1 seemed to be close to optimum, being able to constitute
a safe, storage stable, high quality material, technologically
sounded and potentially able to achieve agronomic benefit and
nutrient recycling opportunities.
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Practical Implications and Further Studies
In general, this new lacto-gypsum represents a potentially
suitable product for use as soil amendment or as an acidification
agent for animal slurry to reduce ammonia gas emissions during
land-spreading. The practical implications to take into account
for both these uses are multiple.

For direct application to agricultural soils the low pH of
lacto-gypsum represents one of the main concerns especially in
histic or very acidic soils. In Ireland a significant proportion
of the agricultural soils were formed from limestone parent
material with naturally high pH status (>7.0). In this case
the application of lacto-gypsum may be beneficial to reach
an optimum pH of 6.3–7.0 (Wall and Plunkett, 2016; Bondi
et al., 2020). However, on the acidic agricultural soils, such as
acidic cambisols or podzols, a planned lacto-gypsum application
approach is required, including soil testing, to identify current
soil pH and nutrient concentrations (Wall and Plunkett, 2016).
Research is needed to investigate the direct effect of lacto-gypsum
applications on soil pH and the indirect effects on nutrient
availability and other environmental consequences in order to
develop application strategies and advice suitable for different
agricultural soils.

The efficiency of lacto-gypsum as a soil amendment needs
further evaluation in a field study across a range of different
soil types. Such study would help evaluating the strengths and
weaknesses of the lacto-gypsum use in conjunction with standard
field practices such as organic and mineral fertilizer applications
commonly performed in agricultural systems. This will help to
develop suitable rates of application and to identify possible
interactions between lacto-gypsum and other inputs applied to
agricultural soils.

The possible use of lacto-gypsum as a potential acidification
agent of other media, such as slurry or manure represents a
technological solution which requires effective testing in respect
of the health and safety procedures. Such research would enable
a better understanding of the optimum ratio of lacto-gypsum
to organic matter to efficiently decrease gaseous nutrients losses
from the manure into the atmosphere while enhancing the
soil physical, chemical and biological quality when the organic
manure amended with lacto-gypsum is applied to soil.

The nature of the raw lacto-gypsum matrix post-production
may present difficulties for land spreading as this by-product was
difficult to handle and homogenize at small batch scale. While
the raw form maintained its physico-chemical characteristics
over the relatively short investigation period, further research is
required to optimize its storage and spreading efficiency. This has
to be coupled with a cost-benefit analysis taking into account the
cost of storage vs. the cost of transformation and, or transport.

CONCLUSIONS

Conventional gypsum is commonly used as a soil amendment
to improve soil quality. Other potential sources of gypsum
are produced during the purification of lactic acid
from complex fermentation broth coming from whey
permeate dairy side streams process. In this paper, we

study the physico-chemical characterization of lacto-
gypsum produced through these alternative sources, to
explore its potential as soil amendment or slurry/manure
acidification media.

Our results show that the nutrient and trace element
contents of the lacto-gypsum batches are within similar
concentration ranges of other forms of gypsum previously tested
on soils. Therefore, lacto-gypsum represents a safe material free
of contaminants.

Storage form and time did not affect the main lacto-gypsum
physico-chemical characteristics and indicates that this by-
product is stable in its raw state for at least 20 days when stored
at 4◦C.

The optimization of the industrial process from which the
lacto-gypsum is derived led to the production of a slightly
heterogeneous material over 1 year pilot study. Ca and pH were
flagged out as important variables to consider for production of a
homogeneous by-product at pilot scale.

In general, the results obtained from this experiment
are extremely promising. Lacto-gypsum proved to be a
sustainable by-product, free of contaminants and could
potentially be recycled back to dairy farms and soils to enhance
soil quality.

This study represents an important piece of knowledge
for the society as it offers the complete characterization
of a new by-product, comparable to the ones commonly
used to improve soil quality, and originated through the
valorization of dairy whey side streams following a circular
economy approach. This can be used to develop specific
application strategies and advices to farmers complying with
the green objectives of agricultural policies in favor of
agriculture sustainability.

However, lacto-gypsum is a new product that requires to be
tested in real scenarios so that limitations can be curbed with
further experimentation. For example, the low pH of this by-
product must be considered when selecting suitable soils for
application, such as soils with high pH levels, or when using
lacto-gypsum as an acidification agent of other media prior
to land spreading. A specific testing for different agricultural
soils and management systems is therefore needed before
the use of lacto-gypsum can become a common practice for
land users.
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