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Abstract
Before wastewater (WW) can be emitted into the municipal treatments plants, its organic matter content has to be assessed 
and found to comply with legislations. The chemical oxygen demand (COD) and total organic carbon (TOC) are among the 
most commonly used methods for such analysis. However, volatile organic compounds (VOC) present in the WW might hin-
der a correct organic matter estimation using these conventional methods. In this study, nuclear magnetic resonance (NMR) 
was used to identify and quantify VOC in dairy WW. It was determined that the NMR, COD and TOC analyses complement 
each other providing a more accurate estimation of the organic matter content in WW. In addition, NMR provides data on 
the metabolic composition of the dairy WW. This information was used to assess the possibility to reutilize dairy WW for 
the production of high added value compounds.
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Abbreviations
WW  Wastewater
COD  Chemical oxygen demand
CODTh  Theoretical chemical oxygen demand
TOC  Total organic carbon
TOCTh  Theoretical total organic carbon
DM  Dry matter content
VOC  Volatile organic compounds
NMR  Nuclear magnetic resonance
BOD  Biochemical oxygen demand
LAB  Lactic acid bacteria

Statement of Novelty

European and international legislations require food industry 
wastewater (WW) to be precleaned and have a low number 
of organic compounds before being emitted in the municipal 
treatment plants. The commonly used methods to determine 
the organic matter are COD and TOC. These two methods, 

however, may give skewed results as they do not account 
for volatile organic compounds (VOC) present in the sam-
ples. This research was undertaken to find out whether using 
NMR as addition to the conventional methods could give 
more reliable results. It was determined that NMR can be 
used as a quick and objective analysis to detect VOC in WW. 
In addition, using NMR it is possible to detect added value 
compounds present in WW. We suggest using NMR as a tool 
to assess the potential of WW reuse in food industries and to 
finetune the development of new bio-refineries.

Introduction

The agro-food sector faces constant challenges, such as a ris-
ing demand for food, feed, fuel, and the limited availability 
of land and water. In this regard, there is a need to develop 
new approaches to increase its efficiency and sustainabil-
ity. Compared to other industrial sectors, the food industry 
requires large amounts of water. This makes the disposal 
of the WW challenging for producers and municipal treat-
ment plants [1, 2]. However, WW from the food industry are 
easily degradable and less toxic in comparison with other 
industries [1, 3]. The quality of the WW is under a strict 
and continuous control as the European Union introduced 
stringent rules concerning industrial WW emissions [4].
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The conventional methods used to characterize WW are 
thoroughly described and frequently updated [5]. Monitoring 
the aggregate organic constituents is one of the most impor-
tant requirement of these guidelines. Biochemical oxygen 
demand (BOD), chemical oxygen demand (COD) and total 
organic carbon (TOC) are among the most commonly used 
methods for a general characterization of the WW.

COD is the indirect measurement of the amount of 
organic matter in a WW sample that can be oxidized by 
strong inorganic oxidants [5]. The COD value may be used 
to monitor the efficiency of WW treatment facilities. This 
involves measuring COD before (influent) and after (efflu-
ent) treatment. The EU Directive 91/271/EEC of 21 May 
1991 concerning urban WW treatment requires the COD 
value to be less than 125 mg/L of  O2 for effluent WWs [4]. 
There are different methods to measure COD [5]. In addi-
tion, if the chemical composition of the WW is known it 
is possible to calculate the theoretical chemical oxygen 
demand  (CODTh). Theoretically, COD and  CODTh should 
be quite similar, since the oxidation of most organic com-
pounds is 95–100% of the theoretical value [6]. However, 
the presence of some compounds in the WW can interfere 
with COD measurements and lead to a greater difference 
between the COD and  CODTh values [6, 7]. These interfer-
ing compounds can be chloride ions, pyridine and related 
products or VOCs [5].

Both BOD and COD tests are widely used, however they 
have some drawbacks:  BOD5 require 5 days of incubation 
and the determination of COD produces hazardous wastes. 
TOC is a possible alternative to both tests because it is 
faster and potentially more precise than COD [5, 8]. TOC is 
defined as the amount of carbon covalently bound to organic 
compounds present in a sample [9]. TOC is a more suitable 
and direct assessment of the organic pollutants than BOD 
or COD, because it directly correlates with the carbon con-
centration and is not influenced by the presence of some 
inorganic reducing agents [5, 9].

The conventional WW treatment in food industries 
is mainly aimed at the compliance of the effluent param-
eters with the legislative requirements and a great amount 
of WWs from the industries is discarded. However, this 
approach neglects the potential of WW reuse as a source of 
high added value compounds. In this regard, the European 
Commission requires the “redesign of input, waste and side 
flow strategies to increase resource efficiency and provide 
added value in food products and processing…” and “use an 
interdisciplinary research approach for the harmonization of 
the methods and metrics for an integrated assessment of the 
sustainability” [10]. The sustainable use of WW would solve 
the problem of WW disposal and partially cover the disposal 
and production costs due to the recovery of added value 
compounds. Food liquid waste is rich in essential nutrients 
such as metabolites, soluble proteins, lipids and mineral salts 

that can be recovered and used for food or feed. This makes 
WW a perspective substrate for bio-refinery [11–16].

Along with conventional methods for the chemical char-
acterization of WW, nuclear magnetic resonance (NMR) 
spectroscopy can be applied to detect and quantify the 
organic content in a variety of liquids [17, 18]. 1H NMR 
allows the simultaneous detection and quantification of a 
wide range of small organic compounds—metabolites. NMR 
spectroscopy was successfully used to analyze dairy WW 
composition and the products of lactic acid bacteria (LAB) 
metabolism such as lactic and acetic acid, ethanol and other 
bio-refinery relevant compounds [19, 20]. Such data on the 
chemical composition of WW may be used to develop bio-
refinery strategies or to evaluate WW treatment efficiency.

In this article we show how combining conventional and 
NMR chemical analyses can be used (i) to assess the suit-
ability of using COD and TOC; (ii) to evaluate the efficacy 
of facility cleaning procedures and (iii) to develop WW uti-
lization strategies.

Materials and Methods

Sampling

The WW from a dairy industry was used in this study. The 
WW collections steps are described below and shown in 
Fig. 1. Sampling points are shown with dashed arrows (the 
dairy WW is stored in storage tanks for liquid buffering and 
pH neutralization). Storage tank 1 collects the WW from the 
dairy production process (sample ST1). Its content is addi-
tionally treated before being drained into the common WW 
stream. Storage tank 2 contains the WW after filters cleaning 

Fig. 1  Flowchart of WW management of the selected dairy. Dashed 
arrows show the sampling points and sample labeling
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and permeate from the reverse osmosis and nanofiltration 
(sample ST2). Some part of the reverse osmosis permeate is 
used separately to pre-clean the processing plant. This WW 
is stored in storage tank 3 (samples ST3-1 and ST3-2). All 
the filter systems (reverse osmosis, ultra- and nanofiltration) 
are cleaned in three sequential steps. During the cleaning 
process all liquids are in a closed cycle and after are poured 
into the storage tank 2. Sampling was carried out instantane-
ously after the first of the cleaning steps: (i) cleaning of the 
reverse osmosis system with an acid detergent (sample RO-
A); and cleaning of ultra- and nanofiltration systems with 
base and enzymes (samples UF-be and NF-be).

Methods

Dry matter content (DM) was determined by drying the sam-
ples to a constant weight at 105 °C for 24 h.

The Lowry method was used to determine the peptide 
content [21]. The analysis was done in triplicates.

Cuvette Tests

The chemical oxygen demand (COD) and total organic car-
bon (TOC) content were measured using the Hach Lange 
LCK cuvette system (http://www.Hach.com) following the 
procedures indicated in the different kits.

COD was measured by oxidizing the WW with a sulphu-
ric acid- potassium dichromate solution in the presence of 
silver sulphate as a catalyst. Chloride is masked by mercury 
sulphate. The reduction in the yellow coloration of  Cr6+ was 
evaluated.

TOC was measured by the conversion of total (TC) and 
inorganic carbons (TIC) to carbon dioxide  (CO2) by oxida-
tion and acidification respectively. TOC was determined as 
the difference between the TC and TIC values.

Quantification of Metabolites by NMR

Sample Preparation for  NMR Analysis 540  µL of sample 
were mixed with 60 µL of 1 mM of 3-(trimethylsilyl)-propi-
onic-2,2,3,3-d4 acid sodium salt (TSP) in 20 mM phosphate 
buffer in deuterated water, pH 7.0, in an Eppendorf tube and 
centrifuged at 20,000×g for 5 min. 500 µL of the centrifuged 
sample were transferred into a standard 5 mm NMR tube.

NMR Experiments 1D 1H, 2D 1H-1H TOCSY, 1H-13C HSQC 
NMR spectra were acquired at 300 K with a Bruker Avance 
600-MHz spectrometer equipped with a 5-mm z-gradient 
TXI (H/C/N) cryoprobe. All the mentioned above NMR 
experiments were acquired with the standard Bruker pulse 
sequences noesygppr1d; mlevgpphprzf and hsqcetgppr-
sisp2.2, correspondingly. Each acquired spectrum was pro-
cessed with the TopSpin 3.2 (Bruker, Germany) software. 

The NMR assignment was performed using registered 
experiments and the available NMR databases (HMDB and 
BMRB) [22, 23]. The spectra were calibrated against an 
external standard assigning a chemical shift of 0 ppm to the 
TSP signal both in the 1H and 13C dimensions.

Data Analysis NMR spectra were examined using the Top-
Spin 3.2 software (Bruker BioSpin). A phase and baseline 
correction was carried out for all 1H NMR spectra. All sig-
nals that were used for the integration have signal-to-noise 
ratios larger than 10 [24]. The signals for each metabolite 
were integrated three times and their average values were 
used to calculate the concentrations.

The theoretical chemical oxygen demand (CODTh) is 
the stoichiometric amount of oxygen required to oxidize a 
compound to the end products such as  CO2,  NH3,  H2PO4

−, 
 SO4

2−, and  H2O [7]:

The resulting  CODTh of all metabolites found in analyzed 
WW was determined from Eq. 1:

where 32 is the weight of one molecule of oxygen, b is the 
number of oxygen molecules used for compound oxidation 
and C is the molar concentration of the compound in WW.

The theoretical total organic carbon (TOCTh) of a com-
pound CxHyOz can be calculated using Eq. 2:

where 12 is the carbon weight, x is the number of carbon 
atoms in one molecule of the compound and C is the molar 
concentration of the compound in WW.

Results

Influence of Volatile Organic Compounds 
on the Experimental Measurement of COD and TOC 
of WW

Previous research has shown that VOC may interfere with 
the measurement of COD and TOC and lead to an underes-
timation of COD [5]. For instance, in the presence of acetic 
acid, the error in COD detection can be up to 50% [25]. 
Therefore, the possible influence of VOC on TOC and COD 
results was estimated by calculating the relative amount of 
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VOC to the total amount of organic compounds found in 
WW, including peptides, non- and volatile metabolites. All 
metabolites detected by NMR that have a boiling point less 
than or equal to 250 °C measured at a standard pressure of 
101.3 kPa were classified as VOC (Art.2; paragraph 5) [26]. 
The results are shown in Table 1.

The high amount of VOC can explain the results of 
conventional analyses of WW from storage tanks 2 and 3 
(Table 2). The detected by NMR and Lowry method amount 
of metabolites and peptides exceeds the detected dry mat-
ter of ST2, ST3-1 and ST3-2 (more than 100%, Table 1). 
The relative content of VOC to DM in these samples is 53, 
62 and 79%, respectively. The volatilization of such signifi-
cant amount of VOC during the DM analysis may skew the 
results. On the other hand, the exclusion of VOC from the 
calculation results allows estimate the amount of detected 
non-volatile organic compounds (72, 63 and 43%, respec-
tively, Table 1).

The possible influence of VOC on COD and TOC may 
be estimated by calculating the ratios of their  CODTh and 
 TOCTh to experimentally measured parameters  (CODTh

VOC/
COD and  TOCTh

VOC/TOC). Both theoretical values were 
calculated using the concentrations of metabolites that were 
found by NMR using Eqs. 1 and 2, respectively (Tables 3, 4). 
The maximal  CODTh

VOC and  TOCTh
VOC values were found 

in the cleaning water from ultra- and nanofiltration plants 
(UF-be and NF-be). However, their relative content of VOC 
to DM is less than 20%. Therefore, the COD/TOC detec-
tion for UF-be and NF-be will be less skewed than for the 
ST2, ST3-1 and ST3-2 samples. In the case of storage tank 
3 the  CODTh

VOC/COD and  TOCTh
VOC/TOC ratios exceed 

50% (Tables 3, 4).
Besides WW from storage tanks 2 and 3, the relative con-

tent of VOC to all detected organic compounds is high in 
sample RO-A. However, these compounds will not interfere 
with the COD and TOC measurements, since all the detected 

Table 1  Relative amount of 
metabolites to dry matter in 
percentage (%)

C concentration (mg/L), non-VOC non-volatile organic compounds, VOC volatile organic compounds, DM 
dry matter (mg/L)

ST1 ST2 ST3-1 ST3-2 RO-A UF-be NF-be

Lactate 2.79 55.44 57.32 40.37 0.05 6.15 3.34
Lactose 33.64 11.02 – 2.79 – 53.63 15.68
Citrate 1.70 – – – – 0.91 –
Alanine 0.02 0.18 – – – 0.02 0.21
CVOC/C(VOC+peptides+non-VOC), % 3.5 42.3 49.8 64.7 68.7 8.7 28.0
CVOC/DM, % 2.6 52.9 62.2 79.0 0.1 6.8 15.1
C(VOC+peptides+non-VOC)/DM, % 74.1 125.2 125.0 122.2 0.2 78.2 54.0
C(peptides+non-VOC)/DM, % 71.5 72.3 62.8 43.2 0 71.4 38.8

Table 2  Results of the 
conventional analyses using a 
Hach LCK cuvette system

Peptides were quantified using Lowry test
b.l. below limits of detection

Samples ST1 ST2 ST3-1 ST3-2 RO-A UF-be NF-be

pH
 – 11.4 4.4 4.5 4.4 1.7 7.8 10.4
 St. dev., % 0.9 2.3 2.2 2.3 5.9 1.3 1.0

TOC
 mg/L 1074 883 497 615 21.6 4886 2727
 St. dev., % 5.9 4.8 8.5 3.6 69.4 2.7 2.9

COD
 mg/L  O2 3318 2304 1556 1546 b.l 12,297 7218
 St. dev., % 1.4 0.7 2.2 0.5 – 0.0 1.0

Dry matter
 mg/L 2125 1156 1050 900 2958 10,233 5258
 St. dev., % 0.1 0.5 0.2 1.2 0.1 0.0 0.0

Peptides
 mg/L 707.9 65.2 57.3 – – 1093.1 1031.1
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organic compounds in this sample compose only 0.2% of 
its DM.

In this example study, NMR allowed to identify the 
WW samples with the highest relative content of VOC. 
However, the WW analysis requires the use of both 
conventional methods and NMR spectroscopy. If only 

conventional methods are used, VOC are not detected 
which might lead to an underestimation of the COD/TOC. 
If, on the other hand, only NMR is utilized, the impact 
of VOC on the TOC and COD measurement might be 
overemphasized.

Table 3  CODTh of wastewater 
calculated from NMR 
measurements (mg/L)

VOC volatile organic compounds

ST1 ST2 ST3-1 ST3-2 RO-A UF-be NF-be

Acetate 29.90 414.01 471.58 453.73 0.48 51.88 10.08
Butyrate 14.62 24.62 40.30 2.44 – – –
Propionate 6.98 2.42 4.29 2.65 – – –
Formate 0.84 6.19 5.54 8.40 – 1.27 0.80
Succinate 1.99 6.76 – 4.43 – 4.37 4.86
Benzoate – 4.62 6.60 4.81 – 8.09 11.52
Ethanol 9.22 146.49 156.72 413.54 3.92 45.06 9.52
Methanol 0.25 0.42 0.44 0.50 1.13 0.19 0.21
Acetone – 20.97 10.92 24.45 – 5.09 1.41
Propylene glycol 9.11 109.52 109.29 4.39 – 1006.75 1287.44
Acetoin – 50.50 30.43 55.63 – 11.78 2.94
Lactate 63.13 682.56 641.24 387.16 1.50 670.64 186.96
Lactose 802.02 142.85 – 28.19 – 6156.75 925.06
Citrate 27.09 – – – – 69.95 –
Alanine 0.52 2.23 – – – 1.75 12.05
CODTh 966 1614 1477 1390 7 8034 2453
CODTh

VOC 73 787 836 975 6 1134 1329
CODTh

VOC/COD, % 2.2 34.1 53.7 63.1 – 9.2 18.4

Table 4  TOCTh of wastewater 
calculated from NMR 
measurements (mg/L)

VOC volatile organic compounds

ST1 ST2 ST3-1 ST3-2 RO-A UF-be NF-be

Acetate 11.21 155.25 176.84 170.15 0.18 19.46 3.78
Butyrate 4.39 7.39 12.09 0.73 – – –
Propionate 2.24 0.78 1.38 0.85 – – –
Formate 0.63 4.65 4.15 6.30 – 0.95 0.60
Succinate 0.85 2.90 – 1.90 – 1.87 2.08
Benzoate – 1.62 2.31 1.68 – 2.83 4.03
Ethanol 2.30 36.62 39.18 103.39 0.98 11.27 2.38
Methanol 0.06 0.10 0.11 0.12 0.28 0.05 0.05
Acetone – 5.90 3.07 6.88 – 1.43 0.40
Propylene glycol 2.56 30.80 30.74 1.23 – 283.15 362.09
Acetoin – 18.94 11.41 20.86 – 4.42 1.10
Lactate 23.67 255.96 240.46 145.19 0.56 251.49 70.11
Lactose 300.76 53.57 – 10.57 – 2308.78 346.90
Citrate 13.54 – – – – 34.97 –
Alanine 0.19 0.84 – – – 0.66 4.52
TOCTh 362.4 575.3 521.7 469.9 2.0 2921.3 798.0
TOCTh

VOC 24.3 264.9 281.3 314.1 1.4 325.4 376.5
TOCTh

VOC/TOC, % 2.3 30.0 56.6 51.1 6.7 6.7 13.8
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Cleaning Efficacy Analysis

The dairy filtration systems are subject to a periodical 
three-step sequential cleaning. The WW obtained from 
the first step of the reverse osmosis, ultra- and nanofiltra-
tion plant cleaning was analyzed, since it contained the 
highest number of metabolites. The reverse osmosis fil-
ter was cleaned with acid (sample RO-A) while the ultra- 
and nano-filtration systems were cleaned with base and 
enzymes (samples UF-be and NF-be). The NMR spectra 
of all studied samples are shown in Fig. 2.

Cleaning of Reverse Osmosis Filter with Acid Detergent

The reverse osmosis cleaning water is divided into two 
parts. The first part is used to pre-clean the production 
plants and is collected in storage tank 3. The remaining 
liquid is drained into storage tank 2 (Fig. 1). The first step 
of reverse osmosis plant cleaning degrades most of the 
organic compounds with acidic detergent. The COD of 
RO-A was below the detection limit and its TOC was also 
low (22 mg/L). Only a few compounds out of the 3 g/L 
of RO-A dry matter can be identified by NMR and con-
ventional methods: ethanol, methanol, acetate and lactate, 
for total of 0.05% from the sample DM (Fig. 2; Table 1). 
Since the main detected metabolites are VOC, and COD 
value cannot be detected, the TOC measurement is also at 
risk of being underestimated. Nevertheless, the  TOCTh

VOC/
TOC value of RO-A is relatively low (6.7%) indicating 
that already the first step of cleaning produces WW with 
acceptable COD and TOC values (COD < 125 mg/L [4]).

Cleaning the Ultra‑ and Nano‑filtration Plants with Base 
and Enzymes

Cleaning the dairy nano- and ultrafiltration systems with 
base and enzymes produces WW similar in composition. 
Both WW samples have similar content of peptides and a 
metabolic profile rich in lactose with neutral or basic pH. 
Their VOC content is relatively low and the high COD and 
TOC values of both samples show that the WW processed in 
this way cannot be poured directly into the municipal sewage 
system. Additional cleaning steps are therefore necessary for 
these two filtration systems. However, the metabolic com-
position of both samples makes them a suitable supplement 
for the production of lactic acid. The transferability to other 
dairies needs should be evaluated individually, because the 
WW composition can vary significantly depending on the 
products and the used processing technologies and applied 
cleaning steps.

Bio‑refinery Potential: Lactic Acid Production

To identify the biochemical process that takes place in WW 
treatment facilities, the kinetics and bacterial composition 
needs to be studied. However, an NMR analysis allows to 
determine the metabolite composition of WW and therefore 
to speculate on the possible bio-chemical processes. In this 
example, the combination of NMR results and data from the 
conventional methods allows to suggest using dairy WW for 
the production of lactic acid via fermentation.

The metabolites accounting for a significant part of the 
DM of the WW samples from storage tanks and filters were 
found to be lactate and lactose (more than 30%, Table 1). 
The latter is a carbohydrate that converts to lactate (LA) 
upon fermentation by LAB.

The production of LA in bio-refinery plants is an impor-
tant market. The global LA market was estimated to be 1 
220,000 tons in 2016 and is expected to increase by 17% 
from 2017 to 2021 [27, 28]. LA can be synthesized indus-
trially through chemical synthesis or by microbial or fungal 
fermentations [29–33]. LA is produced by fermenting dif-
ferent carbohydrates by a variety of Lactobacilli strains. The 
use of carbohydrate sources depends on their price, avail-
ability, and on the cost of LA recovery and purification. LA 
fermentation occurs over a period of 1–2 days at 40–60 °C 
with a pH of 5–7 [29]. LA yield ranges between 90 and 
95% from carbohydrate sources and depends on the pH and 
temperature. For instance the fermentation of cheese whey 
with different LAB and yeast gives 9–96 g/L of LA [30, 34].

In the studied WW, the highest concentration of lactose 
was found in the samples UF-be and NF-be (5.5 and 0.8 g/L, 
respectively, Table 5). Therefore, 5.7 and 0.9 g/L of LA can 
be obtained out of ultra- and nano-filtration cleaning water, 
respectively. Lower quantities of lactose were also found in 

Fig. 2  Part of the 1D 600  MHz 1H NMR spectra of WW sam-
ples from the first step of filter cleaning : 1 (green, zoomed 40 
times)—RO-A; 2 (red)—RO; 3 (blue)—UF-be; 4 (purple)—NF-be. 
(Color figure online)
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ST1, ST2 and ST3. In addition, UF-be, NF-be, ST3 and ST2 
were found to contain a significant amount of LA (0.6, 0.2, 
~ 0.5 and 0.6 g/L, respectively). Therefore, the possible LA 
yield only from UF-be can rise to 6.4 g/L. The optimization 
of WW cycling within the studied dairy may help to avoid 
the dilution of lactose-rich fractions and increase the final 
concentration of LA to be comparable with the 9–96 g/L of 
LA output from specialized bio-refineries [30].

LA production by LAB requires to control the pH in 
the fermented liquid, as otherwise the LA yield might be 
reduced by a twofold [35]. The WW with the highest lactose 
yield UF-be, NF-be and ST1 have a basic pH (7.8, 10.4 and 
11.4, respectively). Although the ST2 and ST3 samples did 
not contain a significant amount of lactose, the addition of 
these WW with low pH will neutralize the basic WW and 
will make them more suitable for fermentation.

The data obtained during this investigation can be used as 
a starting point to optimize the use of WW and potentially 
develop a LA bio-refinery (Fig. 3). Storage tank 2 can be 
used for LAB fermentation. Its relatively low pH can be 
neutralized by the periodic addition of lactose rich WW after 
the ultra- and nanofiltration plant cleaning. The WW from 
storage tank 1 can additionally increase the pH and supply 
lactose into the bio-refinery. The ratio of each WW in the 
final bio-refinery has to be further studied together with the 
variability of WW at different time points. However, NMR 
analysis allows to detect and quantify carbon sources and 
the final products of LAB fermentation in one measurement 

that can be done in less than in 10 min without any sample 
modifications.

Besides LA and lactose, the studied WW samples contain 
other valuable products, such as acetic and other organic 
acids, ethanol and propylene glycol (Table 5). These com-
pounds can be used in a wide range of applications [36]. 
Their concentration in the WW cannot be compared with the 

Table 5  Concentration (C) of water-soluble metabolites, mg/L

% standard deviation in percentage
VOC volatile organic compounds

ST1 ST2 ST3-1 ST3-2 RO-A UF-be NF-be

C % C % C % C % C % C % C %

VOC
 Acetate 28.1 0.3 388.8 0.2 442.8 0.5 426.1 1.1 0.4 6.6 48.7 0.6 9.5 1.6
 Butyrate 8.1 4.2 13.6 2.0 22.2 1.7 1.3 8.5 – – – – – –
 Propionate 4.6 2.1 1.6 7.1 2.8 1.2 1.8 1.0 – – – – – –
 Formate 2.4 9.4 17.8 1.6 15.9 5.6 24.2 1.1 – – 3.6 3.4 2.3 6.5
 Succinate 2.1 3.1 7.1 4.2 – – 4.7 – – 4.6 2.6 5.1 1.4
 Benzoate – – 2.4 8.1 3.4 9.1 2.4 3.4 – – 4.1 0.6 5.9 4.4
 Ethanol 4.4 20.5 70.3 2.2 75.3 1.5 198.6 1.4 1.9 4.6 21.6 6.8 4.6 20.4
 Methanol 0.2 2.7 0.3 2.7 0.3 15.0 0.3 1.1 0.8 0.4 0.1 2.7 0.1 10.7
 Acetone – – 9.5 2.2 5.0 13.3 11.1 2.2 – – 2.3 4.8 0.6 14.9
 Propylene glycol 5.4 3.3 65.1 1.0 65.0 0.1 2.6 2.3 – – 598.5 0.1 765.4 0.2
 Acetoin – – 34.8 0.1 20.9 1.2 38.3 0.8 – – 8.1 6.6 2.0 18.1

Non-VOC
 Lactate 59.2 0.5 640.6 0.5 601.8 0.4 363.4 0.2 1.4 1.3 629.4 0.8 175.5 3.2
 Lactose 714.9 1.0 127.3 6.9 – – 25.1 19.4 – – 5488.2 1.2 824.6 0.2
 Citrate 36.1 3.3 – – – – – – – – 93.3 1.0 – –
 Alanine 0.5 5.1 2.1 26.5 – – – – – – 1.6 16.9 11.2 6.9

Fig. 3  Proposed cycle of WW in a LA bio-refinery. The amount 
of lactose and lactic acid is shown as a percentage from DM. The 
amount of acetate, ethanol and PG (propylene glycol) relative to the 
total metabolite amount detected by NMR is also shown
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amount of dry matter in the samples, as all these compounds 
are VOC. Therefore, the amount of each volatile compound 
relative to the amount of all metabolites found by NMR was 
calculated and reported in Table 6. Acetic acid composes 
about 30% of all metabolites detected by NMR in storage 
tank 2 and 3 (Table 6). The amount of ethanol varies in the 
tanks from 5 to 18%. A large part of NF-be is composed of 
propylene glycol (43%). Therefore, the current investiga-
tion indicates that dairy WW are composed of a variety of 
value added compounds that could be utilized, instead of 
expensively processed and discarded with the water as it is 
currently done.

Conclusions

In this study a chemical analysis of dairy WWs was car-
ried out by 1D 1H NMR spectroscopy and using the Hach 
Lange LCK cuvette system. The metabolite and dry matter 
content, TOC and COD values of WW from different pro-
cess steps were determined and compared. Lactose, lactic 
acid and VOC were detected and quantified by NMR. The 
estimation of VOC impact on COD and TOC measurement 
requires the joint use of conventional and NMR analyses. 
Such approach can be used to identify WW where the COD 
and TOC values are potentially underestimated. The pro-
posed NMR assessment can be a useful additional control 
of WW quality before it is discarded.

In addition, the WW from different dairy production 
steps were found to be rich in lactate and lactose and other 
high added value compounds. It was therefore proposed to 
use the NMR analysis for optimization of dairy WW recy-
cling. This investigation indicates that NMR spectroscopy 
is a powerful addition to conventional methods that allows 

a more comprehensive characterization of WWs from the 
food industry.
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