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a b s t r a c t

Coal chemical wastewater (CCW) with the features of high toxicity and poor biodegrad-
ability is a big issue in environmental remediation, posing a great threat to aquatic eco-
systems and to human beings. Such complex molecular mixtures are notoriously difficult
to characterize without initial physical separation. Herein, we present the 3D diffusion
ordered spectroscopy (DOSY) analysis for CCW using DOSY-COSY and DOSY-HSQC
methods, the advantages of this strategy have been demonstrated in the analysis of
mixtures of aliphatic oxygenates and aromatic compounds, before being implemented on a
genuine CCW sample in this study. The results showed that 3D DOSY is a robust and
reliable tool for providing superior resolution and virtual separation of complex pollutants,
and can be used as a general approach for structural elucidation.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

To date, more than 250 million tons of coal chemical wastewater (CCW) is annually produced from coking, coal gas pu-
rification, coal liquefaction, and refining of coal by-products in China [1,2]. The FischereTropsch (FT) process can not only
convert synthesis gas (CO and H2) into hydrocarbons and oxygenates, but also generate a large amount of water mixed with
various oxygenates, according to the following equation: C þ H2O/CO þ H2, nCOþ(2nþ1)H2/CnH2nþ2þnH2O [3]. The ox-
ygenates are mainly alcohols, aldehydes, carboxylic acids, esters, and ketones, which are easily soluble in water and form
acidic aqueous solutions. Coal tar wastewater is a complex mixture of organic compounds produced in the process of thermal
treatment of coal [4], including polycyclic aromatic hydrocarbons, phenols and sulfur containing heterocyclic compounds,
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and so on [5,6]. Water contaminated with phenolic compounds, heterocyclic compounds and polycyclic aromatic hydro-
carbons may pose a great threat to the aquatic ecosystems and to humans due to its high toxicity and poor biodegradability
[7], even at low exposure levels.

The routine analytical methods for waste water analysis are to separate the compounds in the waste water using gas
chromatography (GC) or high-performance liquid chromatography (HPLC) [8] first, and then analyze the component structure
bymass spectrometry(MS) [9] or nuclear magnetic resonance (NMR) spectroscopy [10]. However, themain products obtained
from CCW usually have similar chemical structures and sometimes even have the same molecular weight, which may affect
the effectiveness of the separationmethods. The GC analysis becomes more complicated when themixture contains hydroxyl
compounds, which may not be performed without silylation. Therefore, it is important to develop more effective, convenient,
and non-selective methods for wastewater analysis to avoid the laborious extraction and complicated separation operations
in traditional methods.

As a non-invasive and non-disruptive technique, 2D NMR spectroscopy can provide more information at the molecular-
level, compared to 1D NMR, and has been applied to directly analyze complex mixtures. Therefore, it has been widely
used in chemistry, biology and medicine [11,12]. With the development of related technology, high resolution NMR experi-
ments for structural analysis of organic molecules can also be performed rapidly and routinely [13,14]. 2D NMR spectra [15]
(e.g., 1He1H COSY, 1He13C HSQC) give insight into the internal structure of individual compounds [16,17]. 1He1H COSY can
provide the structural information by detecting scalar coupling between adjacent homo-nuclear spins with up to three bonds
(the protons in HeCeCeH) [17,18]. In the 1He13C HSQC spectra, signal dispersion in broad 13C dimension chemical shifts
allows for the determination of CeH linkages’ connectivity [19]. Hence, 1He1H COSY and 1He13C HSQC experiments are
valuable tools for assigning signals in overcrowded spectra of complex organic mixtures. Lately, 2D diffusion-ordered
spectroscopy (DOSY) has gained increasing popularity in the field of environment research [20,21], such as the study on
aggregation behavior of natural organic matter [22,23], and the interaction between pollutant and humic acid in nature
[23,24]. And it has also become a very popular and powerful tool for complex mixture characterization [25e27]. That is
because 2D DOSY technique can separate the mixture into individual components on the spectrum according to their self-
diffusion coefficients (D ¼ kT

6phgs
, which is related to the intrinsic properties of each molecule and its environment) [28]

without physical separation. However, 2D DOSY spectra will not provide enough information for structure analysis. The 3D
DOSY technique combines DOSY with routine 2D correlation NMR techniques (e.g., 1He1H COSY, 1He13C HSQC), which makes
it possible to solve the problem. It can spread correlation signals out over the full 2D 1He1H COSYor 1He13C HSQC plane thus
minimize signal overlap. The signals of same species are scattered in a plane with close diffusion coefficients. The main in-
terest of this 3D experiment is to extract the 1He1H COSYor 1He13C HSQC spectrum of each component of the mixture from a
selected plane in the 3D DOSY spectrum. By combining diffusion, coupling information and chemical shift lead to 3D DOSY
plots, which provides high-resolution data for precise structure determination of individual components of complex mix-
tures. Moreover, the method is non-selective, non-invasive and requires no prior knowledge of the structures of the various
components present in the mixture, which is a major advantage. According to the above analysis, the 3D DOSY experiments
offer two advantages. First, it can facilitate processing and interpretation of the data by expanding the spectral crowded
signals in three dimensions and reducing the overlap of resonances. Second, the information of atom coupling and con-
nections related to molecular structure is provided at the same time. These features offer new tools for wastewater research.

Herein, the 3D DOSY techniques, including DOSY-COSY and DOSY-HSQC, were used for analyzing three samples: model
mixtures of aliphatic and aromatic molecular and a genuine sample of Fischer-Tropsch wastewater (FTW), obtained from
Synfuels China Co. Ltd. The results were expected to be of great help for wastewater analysis and treatment, and provide a
useful tool for the related applications in the future.

2. Experimental section

2.1. Materials and methods

Methanol (analytical grade 99%), ethanol (analytical grade 99%), acetic acid (analytical grade 99%), n-propanol (analytical
grade 99%), n-butanol (analytical grade 99.5%), acetone (analytical grade 99.9%), propionic acid (analytical grade 99.5%),
benzene (analytical grade 99.5%), toluene (analytical grade 99.5%), naphthalene (analytical grade 99.7%), anthracene
(analytical grade 99.7%), all purchased from Aladdin Reagent Company (Shanghai). Deuterium oxide (99.8% atom D) was
purchased fromQingdaoTeng LongMicrowave Technology Co., Ltd. CDCl3 (99.8% atom D) was supplied by Cambridge Isotope
Laboratory. All chemicals were used without further purification.

The FTWmodel mixtures were composed of methanol, ethanol, acetic acid, propanol, propionic acid, acetone and butanol,
which can simulate a typical and classical FTW. Themodel samplewas prepared by taking 4e5 mL eachmodel component into
400 mL D2O. The coal tar wastewater model mixtures were composed of benzene, toluene, naphthalene and anthracene. The
model sample was prepared by taking 4e5 mg each model component into 400 mL CDCl3. The genuine FTW sample was
obtained from Synfuels China Co. Ltd., which was collected from a co-precipitated iron-based slurry phase from the FT
process. The samples were prepared quickly and sealed and stored in a refrigerator at low temperature, we replicating
measurement two days later ensured a sufficient time for equilibration.
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2.2. NMR experiments

All the experiments were performed at 298 K and a gas flow rate of 400 lph without sample rotation. NMR data were
acquired on a Bruker AV-III 400 MHz NMR spectrometer (9.39 T) equipped with a 5 mm PABBO BB/19Fe1H/D detection probe
and z gradient coils with a maximum nominal gradient strength of 0.50 G/m. The temperature was calibrated before the
measurement, using NMR temperature standards according to the manuals of Bruker (4% CH3OH in CD3OD for low tem-
perature and 80% ethylene glycol in DMSO-d6 for high temperature), and the gradient strength was calibrated with the
“doped water (GdCl3 in D2O)” as a standard.

The DOSY-COSY experiments were performed using standard Bruker pulse sequence “ledbpgpco2s3d”. The diffusion
encoding time (D) was 100ms. And the duration of the pulse field gradient (d/2) was adjusted in the range of 900e 1200 ms in
order to obtain 2% e 95% residual signal with the maximum gradient strength. The delay for gradient recovery eddy current
delaywere set to 0.2ms and 1ms, respectively. For each of the 16 gradient amplitudes, 4 scans with 2048 complex data points
in the direct and 128 points in the indirect dimension were acquired.

DOSY-HSQC NMR experiments were conducted with Bruker “oneshothsqc” pulse sequence. The relaxation delay and
diffusion encoding time (D) were set to 1 s and 100 ms. Duration of the pulse field gradient (d/2) for different samples was
adjusted in the range of 900e 1200 ms to obtain 2%e 95% residual signal with themaximumgradient strength. The imbalance
factor (a) was 0.2. For each of the 8 gradient amplitudes, 4 scans with 2048 complex data points in the direct and 128 points in
the indirect dimension were acquired.

The data processing was carried out in two steps. First, the data with 8 k real points in the direct (1H) dimension and 512
real points in the indirect (13C) dimension were processed by using Gaussian window function embedded in Topspin. Line
broadening (LB) parameters in both dimensions were �0.01. And GB parameters were 1.112595�10�3 and 4.99639� 10�5 in
F1 and F2, respectively. Then, the full 3D data was read and displayed by NMR data processing program software (MAGNET
[29]), and the 3D DOSY analysis was performed.
3. Results and discussion

3.1. Model compounds

Firstly, we studied the pollutant model of FTW of aliphatic oxygenates with different chain length [30], including
methanol, ethanol, acetic acid, n-propanol, n-propanol, n-butanol, acetone and propionic acid. The peaks in the 1H NMR
spectrum of the pollutant model overlap so much that is difficult to assign them directly (Fig. S1), for example, the proton
resonance signals of terminal eCH3 groups at dH 0.72e0.76 ppm and eCH2- groups at dH 3.38e3.53 ppm. The coupling and
linkage information between atoms can be obtained from the conventional 2D 1He1H COSY spectrum (Fig. S2) and 2D 1He13C
HSQC spectrum (Fig. S3), but without knowing which atoms belong to the same compound, that is impossible to assign all
signals. The obvious overlapping cross-peaks are helpful to test the practicability of 3D DOSY NMR technique. Analyzing the
model mixture of the pollutants by DOSY-COSY (Fig. 1a) and DOSY-HSQC method makes assignment possible (Fig. 2a). The
positions of the slices for components with the lowest and highest diffusion coefficient are indicated by transparent red and
green planes. Fig. 1beg and Fig. 2beg are the 1He1H COSYand 1He13C HSQC slices obtained from 3D DOSY-COSY experiment
according to diffusion coefficients in the diffusion dimension, which allows easier separation and identification of the
components in both cases. The signals with the lowest and highest diffusion coefficients could be easily identified as n-
butanol and methanol, respectively. There is only minor systematic difference between diffusion coefficients obtained with
DOSY-COSY and those obtained with DOSY-HSQC. We uniformly adopt the D values from DOSY-HSQC method. These results
were shown in sub-spectra of (b) methanol, (c) acetone, (d) ethanol, (e) acetic acid, (f) n-propanol and propionic acid, (g) n-
butanol with diffusion coefficients of D methanol ¼ 8.70�10�10 m2/s, D acetone ¼ 7.60�10�10 m2/s, D ethanol ¼ 6.45�10�10 m2/s,
D acetic acid ¼ 6.32�10�10 m2/s, D n-propanol and propionic acid ¼ 5.81�10�10 m2/s, D n-butanol ¼ 5.16�10�10 m2/s, respectively. The
overlapped regions can be resolved to relevant cross peaks and each signal can be identified and assigned. For example, the
overlapped peaks at dH 0.72 e 0.76 ppm and dH 3.38 e 3.53 ppm were fully resolved in Fig. 1f and Fig. 1g. Combination of
diffusion property, coupling and linkage information.

Chemical shifts and peak shape lead to unambiguous structure determination of the components in the pollutant mixture.
Taking Fig. 1f as an example to illustrate the separation efficiency, although n-propanol and propionic acid show the same
apparent diffusion coefficient and the signals of them are distributed in a plane, we can clearly assign them based on 2D COSY
and HSQC spectra. The peaks marked with red line belong to n-propanol and the peaks marked with green line belong to
propionic acid. The only exception was that the diagonal peak signal originating from the methylene peak of n-butanol
(marked with black circle in Fig. 1f) shows an apparent diffusion coefficient similar to n-propanol due to a weighted average
and hence falls outside the diffusion ranges measured. We included this diagonal peak in the plane of n-butanol through
integration along the diffusion dimension. Components with structural similarities were successfully identified through 3D
71



Fig. 1. (a) 3D DOSY-COSY experiment view of FTW model. The COSY slices of (b) methanol, (c) acetone, (d) ethanol, (e) acetic acid, (f) n-propanol and propionic
acid, diagonal peak (dH 1.23, 1.23) is cycled and indicated. (g) n-butanol.
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Fig. 2. (a) 3D DOSY-HSQC experiment view of FTW model. The HSQC slices (b) methanol, (c) acetone, (d) ethanol, (e) acetic acid, (f) n-propanol and propionic
acid, (g) n-butanol.
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DOSY-COSY and DOSY-HSQC spectra. Although signals of different species with the similar specific diffusion coefficient are
distributed in a plane, these signals can be well assigned according to the correlation information of 1He1H COSYand 1He13C
HSQC slices.

The concepts of 3D DOSYmethods are also applicable to amixture of aromatic compounds (benzene, toluene, naphthalene
and anthracene), a model system of coal tar wastewater (CTW), which is an important by-product of coal coking [31]. These
fourmolecules are all aromatics with signal overlap and therefore difficult to assign the individual 1H NMR signals, even by 2D
NMR spectroscopy. The 1H spectrum of the mixture is shown in Fig. S4. The conventional 1He1H COSY (Fig. S5) and 1He13C
HSQC (Fig. S6) techniques enable the assignment of both proton and carbon chemical shifts for -CH- and eCH3 group.
However, it was impossible to identify the spectrum in the range of dH 7.02e8.45 ppm, because the spectral peak is very
narrow and there are complex couplings between protons. One of the signals is hidden underneath another in the con-
ventional 2D COSY spectrum (dH 7.46 ppm, dH 7.46 ppm). Similarly, in the conventional 2D 1He13C HSQC spectrum (Fig. S6) the
cross peaks (dH 7.46 ppm, dC 125.5 ppm) overlapped completely and could not be resolved. Complete assignment of aromatic
compounds was further done by applying 3D spectra, the 3D DOSY-COSYand 3D DOSY-HSQC spectra are shown in Fig. 3a and
Fig. 4a. The positions of the slices for benzene and anthracene are indicated by transparent red and green planes. The COSY
and HSQC slices obtained from 3DDOSYexperiments achieve a good separation of all spectra, as shown in Fig. 3be Fig. 3e and
Fig. 4b e Fig. 4e. The diffusion coefficients obtained from the 2D sub-spectrum were Dbenzene ¼ 35.41 � 10�10 m2/s,
Dtoluene¼ 32.35�10�10 m2/s, Dnaphthalene¼ 29.80� 10�10 m2/s and Danthracene¼ 27.76� 10�10 m2/s, respectively. The obtained
3D DOSY projection planes are clearly better resolved than the conventional 2D spectrum. The overlapped cross peak is
distributed in two plans, and further elucidation by chemical shift and 2D correlations between carbons and protons allows
the identification of overlapped signals as the H-1 of naphthalene and H-1 of anthracene. In a previous report Huang and his
co-workers have shown that using polydimethylsiloxane as a matrix can discriminate the components in mixtures containing
benzene, naphthalene and anthracene [32]. In this work, we performed the 3D DOSY experiment directly to analyze four
aromatic molecules without any need for an additional matrix.
3.2. Genuine FTW sample

Finally, a genuine FTW sample was also investigated, unknown compound identification in FTW continues to be a major
challenge, and this challenge is further complicated by numerous variables including pH and ions concentration, which cause
significant variation in chemical shift and FTW composition. The presence of different species is evident. However, the low
concentration for the mixtures also hampered the quality of the DOSY analysis. While the interpretation of the FTW is far
more complicated as compared to that of the FTWmodel mixture (1H spectrum is shown in Fig. S7). The peaks show a serious
overlap, and extraction of the overall composition remains difficult. The conventional 1He1H COSY and 1He13C HSQC spectra
are shown in Fig. S8 and Fig. S9. We consider that the spectra fail to differentiate peaks in the complex mixture. The 2D COSY
and HSQC planes extracted from the 3D spectra are shown in Fig. 5 and Fig. 6. Signals assignments of all compounds in the
FTW were done by extraction of 1He1H COSY and 1He13C HSQC slices. We detected eight organic compounds in the genuine
FT wastewater affected by low concentration, detailed information on components identification of compounds of the 1He1H
COSYand 1He13C HSQC slices are shown in Fig. S10 - Fig. S15. In this part, wewill mainly illustrate the identification of methyl
formate in Fig. 7. From higher to lower filed, we identify the following assignment: 1) 3.0 e 3.1 ppm (1H) and 58 e 62 ppm
(13C), hydrogens in aliphatic chains being methoxy group (-OCH3); 2) 8.1 e 8.3 ppm (1H) and 160 e 162 ppm (13C), formyl
(HCOO). Furthermore, its diffusion coefficient is faster than that of acetone, and we confirm that it is a lipids compound. The
identification of seven compounds (methanol, ethanol, methyl formate, acetic acid, n-propanol, n-butanol, acetone and
propionic acid), could refer to the above specifically discussed one in the FT wastewater sample. The diffusion coefficient for
eight compounds are Dmethanol ¼ 6.14�10�10 m2/s, D methyl formate ¼ 5.95�10�10 m2/s, Dacetone ¼ 5.71�10�10 m2/s,
Dethanol ¼ 5.28�10�10 m2/s, Dacetic acid ¼ 4.29�10�10 m2/s, Dn-propanol and propionic acid ¼ 3.96�10�10 m2/s,
Dn-butanol ¼ 3.78�10�10 m2/s. The components are well separated, which is due to the direct correlation between molecular
weight and diffusion coefficient. Even though n-propanol (MWn-propanol ¼ 60) and propionic acid (MWpropionic acid ¼ 74) have
different molecular weights, they show similar diffusion coefficients. We consider that the similar diffusion coefficient is
caused by the different solvation of solutes in D2O. n-Propanol with a weak hydrophilic group (HO-) and a long-chain hy-
drophobic group (CH3CH2CH2-) forms a large and incompact hydration shell thus hinder the molecular motion. Interestingly,
3D DOSY revealed an additional compound (methyl formate) compared with GC method analysis for the same FTW sample.
Methyl formate has a bigger molecular weight, but its diffusion coefficient is faster than that of acetone, mainly due to the
larger polarity of methyl formate. The DOSY method is however less successful for the detection of low concentration
compounds, such as butyraldehyde and acetaldehyde. The current data demonstrate that 3D DOSY is somewhat restricted to
pollutants rich in concentration, and for other types of wastewater, it might be necessary to concentrate the sample so as to
improve the signal intensity and spectral resolution. In spite of this, the method is nonselective and requires no prior
74



Fig. 3. (a) 3D DOSY-COSY experiment view of mixtures CTW model. The COSY slices obtained (b) benzene, (c) toluene, (d) naphthalene, (e) anthracene.
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Fig. 4. (a) 3D DOSY-HSQC experiment view of mixtures CTW model. The HSQC slices (b) benzene, (c) toluene, (d) naphthalene, (e) anthracene.
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Fig. 5. 3D DOSY-COSY experiment view of pollutant genuine FTW at 298 K.

Fig. 6. 3D DOSY-HSQC experiment view of pollutant genuine FTW at 298 K.
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knowledge of structures of the various components present in the mixture. Overall, 3D DOSY did help to clearly identify
unassigned NMR signals like methyl formate.

4. Conclusion

3D DOSY techniques serve as an effective and efficient method to characterize molecular structure in water pollutants. In
the case of aliphatic and aromatic model pollutants, where instant identification is ambiguous, 3D DOSY methods also prove
to be helpful in correcting assignments of signals despite overlapping and drifting. Furthermore, the 3D DOSY methods were
used for a genuine FTW sample, and all unknown compounds were identified correctly. It thus provides a more confident
signal assignment, although currently the ubiquitous use of this novel methodology is still limited to low concentration. It is
expected that this experimental schemewill find application for the analysis of a wider range of mixtures. We believe that 3D
DOSY approach will pave the way for complex mixture analysis of environmental samples.
77



Fig.7. Assignment of the signals of methyl formate in genuine FTW sample by 1He1H COSY and 1He13C HSQC slices.
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