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a b s t r a c t 
A comprehensive estimation of the contributions of particle size distribution and chemical composition 
of produced water (PW) samples collected from an offshore wastewater treatment plant to chemical 
oxygen demand (COD) is provided. The particle size distribution in the wastewater was investigated, 
and the COD contributed by each part estimated. The results showed that the COD distribution of the 
raw PW was 59.6% for the molecular weight cut-off of <1 kDa, indicating that the majority of COD 
originates from soluble carbonyl compounds of low molecular weight. The linear correlation coeffi-
cient R2 between COD and UV254 reached 0.96 in the COD range of 24–226 mg/L, which was higher 
than that between COD and UV205. The soluble parts of PW have three average fluorescence lifetimes, 
of 1.2, 5.6 and 17.1 ns, with respective contributions of 21.0%, 44.1% and 34.9%. Petroleum hydro-
carbons, including 164 aromatics (i.e., naphthalenes, phenanthrenes, thiophenes, biphenyls, furans, 
chrysenes, pyrenes, fluorenes, triaromatic steroids, anthracenes) and 17 alkanes, were identified in the 
PW and quantified by gas chromatography–mass spectrometry analysis. 
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1. Introduction

Produced water (PW) is a by-product of oil and gas 
exploitation, and represents the largest waste stream gen-
erated by the oil industry. This water is trapped together 
with oil under the earth’s surface and extracted from crude 
oil above ground by an oil/water separator. Following sepa-
ration, PW is treated for reuse or discharged to the surface 
[1]. As the oil well ages, large volumes of water are injected 
into the reservoir to maintain pressure and enhance the effi-
ciency of oil recovery by polymer injection at offshore oil 
fields [2–4]. In some instances, the water content is greater 
than 90% [5,6]. 

The decision for reuse of PW usually depends on its 
quality following treatment. The physical and chemical 
properties of PW vary considerably depending on local field 
variables, the geological formation from which it comes, 
and the type of hydrocarbon product being produced [7]. As 

a result of the serious environmental impacts of PW, many 
countries, including China, have implemented very strin-
gent regulatory standards for PW discharges, and therefore 
there is a need for the oil and gas industry to develop envi-
ronmental and economic technologies for PW treatment. 
As the composition and optical characteristics of offshore 
PW change according to its origin, without fundamental 
knowledge of these variations, development of regulations 
and guidelines for treatment and safe discharge will not be 
possible [8,9]. 

PW must be analyzed from a micro-perspective rather 
than the more common macro-perspective, based on 
chemical oxygen demand (COD), total organic carbon, 
biochemical oxygen demand, etc [10]. The particle size 
distribution, that is, the molecular weight distribution, of 
pollutants in PW helps evaluation of appropriate treat-
ment technologies and optimization of the performance 
of PW treatment systems by providing information on 
the physical characteristics of pollutants in PW [11–14]. 
Previous studies have focused on analysis of the COD, 
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toxicity and environmental impacts of PW [5,8,10,15–17]. 
Some studies have attempted to assess the influence of 
specific classes of chemicals on COD in PW [18]; however, 
most results have been described qualitatively [19–21]. 
Few investigations are available regarding the chemicals 
that contribute to COD in PW [22], although recent stud-
ies have utilized particle size distribution analysis as an 
alternative method for assessing different COD fractions 
[13,14,23–27]. The analysis involved a sequence of differ-
ent-sized filtrations and ultrafiltrations, ranging from 2 to 
1,600 nm [28].

In addition, there is limited knowledge on the specific 
chemical composition and fate of organic matter in PW 
at various stages of the treatment process [8]. It is neces-
sary to understand the main components of PW to take 
full advantage of treatment technologies [29,30]. Organic 
compound classes identified in PW include polycyclic 
aromatic hydrocarbons (PAHs); benzene, toluene, ethyl-
benzene and xylenes (BTEX), phenols, biphenyls and aro-
matic amines [31,32]. Concentrations of individual organic 
compounds in PW samples are low, ranging from 18 μg/L 
to 100 s of ng/L [22,32], and PAHs were the group most 
commonly observed in PW, with concentrations of indi-
vidual PAH compounds varying greatly due to the dif-
ferent solubilities of the compounds in aqueous solution 
[8,33]. However, there are many more compounds in PW 
that have not yet been identified, and more investigative 
work is needed.

The overall objective of the present work was to charac-
terize the chemicals contributing to COD in a PW treatment 
system in the Bohai Sea. The results could allow comprehen-
sive estimation of the chemical components contributing to 
COD and optical absorbance. The emission spectral charac-
teristics of the soluble components were measured based on 
both stationary and time-correlated fluorescence analysis, 
and petroleum hydrocarbon distributions in PW samples 
were also obtained.

2. Materials and methods

2.1. Sample information 

The wastewater samples were collected from an offshore 
PW treatment plant located in SZ 36-1 Oilfield in Bohai 
Bay (Tianjin Branch Company of China National Offshore 
Oil Corporation [CNOOC], East China), in May 2016. The 
characteristics of the PW samples, including the COD, pH, 
oil and suspended solids (SS) contents, color, total nitro-
gen (TN), total phosphorus (TP) and ammonium nitrogen 
(NH3–N) content are listed in Table 1. COD was determined 
using a closed reflux titrimetric method based on the stan-
dard method using a Hach DR3000 spectrophotometer 
(Loveland, CO, USA) [34]; the analysis results for the other 
parameters are listed in Table 1, with the analysis being con-
ducted according to Environmental Protection Agency (EPA) 
Standard Analytical Methods [35].

2.2. Sequential filtration for molecular weight analysis

Knowledge about the distribution of molecular sizes 
is very important for understanding the basic chemistry 

of organic compounds of different molecular weights in 
PW and their degradation during treatment progress. The 
molecular size distribution of the PW was determined by 
sequential ultrafiltration for improved physical segrega-
tion. Specifically, the experiment was carried out on PW 
using gradient membrane separation via an ultrafiltration 
apparatus [36,37] (Fig. 1); all ultrafiltration experiments 
were conducted under positive pressure (0.6–1.8 atm with 
N2 as the inert gas) in a continuously stirred cell with a vol-
umetric capacity of 400 mL using an SCM-type ultrafilter 
(Shanghai Institute of Applied Physics, Chinese Academy 
of Sciences, Shanghai, China). Briefly, PW samples were ini-
tially filtered using a 0.45 μm cellulose ester membrane, and 
then gradient-separated by polyether sulfone membranes 
with nominal molecular weight cut-offs (MWCOs) of 50, 10, 
5 and 1 kDa. Each PW fraction was analyzed for its COD 
and UV254 value.

Table 1
Characteristics of the produced water samples used in the 
present work

Parameter Value

COD (mg/L) 226
pH 7.05
Oil (mg/L) 12.2
Salinity (mg/L) 9,374
Cl–1 (mg/L) 5,436.3
SS (mg/L) 27.6
Color (Pt–Co unit) 16
Conductivity (μs/cm) 16.8
TN (mg/L) 43.7
TP (mg/L) 0.06
NH3–N (mg/L) 33.6

Fig. 1. Schematic diagram of the SCM-type ultrafilter used in 
the study (1, Ultrafilter cup; 2, membrane; 3, feed inlet; 4, outlet; 
5, stirrer; 6, pressure gauge; 7, nitrogen tank).
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2.3. Analysis methods

2.3.1. Absorption spectra of produced water

The absorption spectra of PW were recorded on an ultra-
violet–visible (UV-vis) spectrometer (TU1810-PU; Shimadzu, 
Tokyo, Japan) at 20°C ± 0.2°C. The optical length was 1 cm.

2.3.2. Steady and time-correlated fluorescence study  
of produced water

Steady-state fluorescence spectra were recorded on 
a Hatch F4500 fluorimeter (Hitachi, Tokyo, Japan) at 
20°C ± 0.2°C. Samples for fluorescence measurements were 
placed in 1 cm × 1 cm quartz cells. All samples were excited 
at 250 nm and the fluorescence spectra were recorded at 
between 290 and 500 nm for PW samples. The bandpass for 
the excitation and emission monochromator was ca. 2 nm.

Time-resolved fluorescence measurements were per-
formed with a FluoTime 200 (PicoQuant GmbH, Berlin, 
Germany) time-correlated single-photon counter at a con-
stant temperature (20°C ± 0.2°C). The experiments were 
performed using a picosecond light emitting diode (PLS-
280; PicoQuant) as the excitation source. The excitation and 
emission wavelengths were 280 and 375 nm, respectively. 
The maximum intensity for all samples was 5,000 counts. 
The instrument response function was recorded using Ludox 
solution by scattering the light at 280 nm.

The fluorescence decays were fitted to Eq. (1) using 
PicoQuant software (Fluofit; PicoQuant) so that the lifetimes 
(τi) and pre-exponential factors (Ai) could be determined. The 
χ2 statistic and visual inspection of the residuals were used 
to determine how well the calculated decay fitted the exper-
imental data. Fits were considered acceptable when the χ2 
value was between 0.9 and 1.1. A monoexponential function 
was first applied to fit the experimental data. If the residuals 
were not random, two or more exponentials were used until 
an acceptable fit was obtained.

I t I Ai
t

i
i( ) /= −∑0

1
e τ  (1)

2.3.3. Gas chromatography–mass spectrometry analysis

A 440 mL PW sample was initially extracted with 30 mL 
of CH2Cl2 (HPLC grade) under neutral conditions using a 
separating funnel. Each extraction was done five times. The 
combined extract (about 150 mL) was dehydrated and con-
centrated at 40°C by rotary evaporation. Residues of 5.0 mg 
were weighed accurately into a standard chromatographic 
bottle, and then 1 mL chromatographic grade isooctane 
was added together with external recovery standards of 
anthracene-d10 (0.124 mg/L) and α-androstane (0.110 mg/L). 
Hydrocarbons in the resulting samples were identified and 
quantified by gas chromatography–mass spectrometry 
(GC–MS, 5975C; Agilent, Palo Alto, CA, USA). Specifically, 
HP-5MS (30 m × 0.25 mm × 0.25 μm; Agilent) and UIHP-5MS 
columns (60 m × 0.25 mm × 0.25 μm; Agilent) in series were 
used for separation. Helium was the carrier gas (flow rate of 
34 mL/min) and the diversion ratio was 15:1. The GC injec-
tion port temperature was 250°C. The column temperature 

was fixed at 50°C for 1 min, ramped from 50°C to 100°C at 
20°C/min, and then from 100°C to 315°C at 3°C/min, before 
being held for 28.5 min. The mass spectrometer conditions 
were as follows: ionization mode, electron impact ionization; 
electron energy, 70 eV; interface temperature, 280°C; solvent 
delay, 3 min; ion source temperature, 230°C; quadrupole tem-
perature, 150°C; and mass scan range: 50–550 AMU. 

3. Results and discussion

3.1. Particle size distributions of produced water

The COD and UV absorbance at 254 nm (UV254) were calcu-
lated to describe the distribution of different molecular weight 
components in PW. Fig. 2 shows changes in the correspond-
ing COD fractions and UV254 for PW samples via sequential 
filtration. The COD distribution of the raw PW was 21.0% for 
MWCOs > 0.45 μm, indicating that particulate COD contrib-
uted relatively little to the total COD. The COD proportion was 
5.2% for components between 50 kDa and 0.45 μm, while inter-
mediate components between 10 and 50 kDa had the smallest 
proportion of COD (approximately 0.9%). Subsequent compo-
nents with MWCOs between 5 and 10 kDa, and between 1 and 
5 kDa, contributed 2.4% and 10.9% of the total COD, respec-
tively. The remaining components with MWCOs smaller than 
1 kDa contributed 59.6% of the total COD, indicating that sol-
uble components with molecular weights of less than 1,000 

 UV254  

COD

Fig. 2. Distribution of the chemical oxygen demand (COD) and 
UV254 of the produced water fractions based on molecular weight 
(MW).
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made a larger contribution to the COD than other components; 
most of these were colloids, polymers and soluble small molec-
ular components [38]. Similar results for MWCO distribution 
in mature PW have been reported by others [39,40].

UV254 refers to the UV absorbance at a wavelength of 
254 nm, which is associated with reflection of aromatic 
hydrocarbons in water; specifically, higher values indicate a 
higher concentration of aromatic hydrocarbons. As expected, 
the correlation between particle size distribution and UV254 
was analogous to the relationship between particle size dis-
tribution and COD. According to the relative molecular mass 
distribution of pollutants, the UV254 distribution of the raw 
PW was 68.8% for the MWCO < 1 kDa. In contrast, the UV254 
proportion for MWCOs between 1 and 50 kDa was only 
10.3%. Particles with >0.45 μm in size, and components with 
relatively larger MWCOs (between 50 kDa and 0.45 μm) con-
tributed 20.9% of the total UV254. 

These results indicate that the soluble phase, particularly 
with a small molecular weight, is the dominant component 
of PW. Flocculation processes are commonly used in engi-
neering; however, such processes do not adequately treat 
components under the MWCOs of 1 kDa and, more recently, 
advanced oxidation technologies have been used for further 
treatment of such components in PW [7].

3.2. Correlation of ultraviolet absorption characteristics and COD

The organics in PW contain aromatic ring structures or 
conjugated double bond structures that can absorb UV light; 
the UV absorption bands of benzene derivatives and major oil 
components are close to 254, 225 and 205 nm [41,42]. Research 
shows that use of COD as a single indicator cannot accurately 
reflect the true organic matter concentration in water, and 
that the characteristic UV absorption value reflects the con-
centration of PAHs in water, which is not reflected by COD 
[43]. In this study, the trends of UV254, UV225, UV205 and COD 
were consistent. The correlations among the test parameters 
were analyzed and the results are shown in Fig. 3.

The linear correlation coefficients of COD in the range 
24–226 mg/L and UV254, UV225 and UV205 were 0.960, 0.918 and 
0.915, respectively. These results show that the correlations 
between UV254 and COD and UV225 and COD are stronger 
than that of UV205 and COD, and the correlation between the 
UV absorption of extracted CCl4 (extraction ratio, 1:1) at a 
peak of 266 nm and COD was not stronger than that between 
the UV absorption of raw PW and COD. This indicates that 
the extraction process may subject to errors when the COD 
of raw PW is low. UV254, as an organic control indicator in 
water treatment, warrants further study. UV254 and COD had 
a good linear correlation for the same water sample, and 
UV254 analysis is simple and cheap compared with determina-
tion of COD. In addition, UV254 analysis creates no secondary 
pollution and may be considered as an indirect index of PW 
pollution.

3.3. Fluorescence spectra of the soluble phase of PW

As shown in Fig. 4, there was a broad emission peak from 
300 to 480 nm with a maximum of around 370 nm in the influ-
ent water samples. PW contains many PAHs, and PAHs such 
as anthracene, pyrene, benz[a]anthracene and dibenz[a,h]

anthracene all possess a high emission intensity from 350 
to 500 nm. Therefore, the broad emission band of PW may 
result from PAHs. The relatively lower emission peak from 
300 to 350 nm may be due to the contribution of single ring 
aromatic compounds.

The fluorescence lifetimes of the PW sample were also 
measured. Fluorescence decays in water are not monoex-
ponential (Fig. 4), because of the complicated compositions. 
There were three average fluorescence lifetimes in the PW 
samples of 1.2, 5.6 and 17.1 ns. The respective contributions 
were 21.0%, 44.1% and 34.9%. 

3.4. Petroleum hydrocarbons in PW

The species and concentrations of organic pollutants in the 
PW were analyzed by GC–MS of CH2Cl2 extractions. Various 
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Fig. 3. Relationship between the ultraviolet (UV) absorption 
values and chemical oxygen demand (COD).

Fig. 4. Decay of fluorescence in a produced water (PW) sample 
after filtration by a 0.45 mM membrane (red); the green curve 
corresponds to the fit of the data to Eq. (1). The instrument 
response function (IRF) is shown in black. The residuals between 
the experimental data and the fits are shown in the lower panel. 
The inset shows the stationary fluorescence spectra of PW influ-
ent diluted 50 times.
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groups of organic components were identified on the basis of 
their mass spectra and GC retention times, and by comparison 
with the National Institute of Standards and Technology mass 
spectra library. Peak areas of the total ion chromatograms 
(TICs) were calculated using the real time execution integra-
tor contained in the Agilent enhanced ChemStation software. 
The chromatograms were all determined under the same con-
ditions; the abundances of the peaks detected were compared 
and an estimated removal giving the peak areas of some tar-
get compounds with SI > 85% by GC–MS in the PW samples.

The TIC of the PW sample is shown in Fig. 5. The chro-
matogram showed the presence of at least 164 aromatics 
with a total content of 125.96 μg/L, and 17 linear hydrocar-
bons with a total content of 4.52 μg/L. The ratio between 
the total content of aromatic organic compounds to the total 
detected organic matter was as high as 96.54%. Specifically, 
the detected aromatic compounds included 36 naphthalenes, 
with a total content of 18.30 μg/L, 29 phenanthrenes, with a 
total content of 36.48 μg/L, 20 thiophenes, with a total content 
of 5.43 μg/L, 9 biphenyls, with a total content of 1.96 μg/L, 9 
furans, with a total content of 2.10 μg/L, 14 chrysenes with a 
total content of 10.46 μg/L, 6 pyrenes, with a total content of 
5.39 μg/L, 13 fluorenes, with a total content of 5.80 μg/L, 5 tri-
aromatic steroids, with a total content of 14.90 μg/L, 4 anthra-
cenes, with a total content of 1.13 μg/L, and 19 other types of 
compound with a total content of 24.01 μg/L. Many of these 
compounds have complicated structures, and are refractory 
and have unfavorable impacts on the environment. 

PAHs are among the most important compounds in PW 
with respect to the environment and human health. Higher 
molecular weight PAHs (4–6 rings), and especially those with 
structural embayment (e.g., benzo[a]pyrene and dibenzo[a,l]
pyrene), may be carcinogenic. Although PAHs were not 
identified in all PW samples, the PAHs that were observed 
were mostly of low molecular weight (naphthalene, azulene, 
phenanthrene, anthracene, and fluorene and their deriva-
tives) [22]. As listed in Table 2, different PAHs were detected 
among the PW samples. It has been reported that the con-
centration of total PAHs typically ranges from about 0.040 to 
3 mg/L in PW [1]. The concentration of phenanthrene and its 
derivates in the PW from the Bohai Sea was 36.48 μg/L in this 
study, making phenanthrene the predominant PAH species. 

In contrast, the concentration of the pyrene series was only 
approximately 5.39 μg/L. The World Health Organization 
(WHO) recommends a concentration limit for the sum of six 
PAHs of 0.2 μg/L in drinking water vs. 0.01 μg/L for benzo[a]
pyrene alone [44]. The US EPA sets a maximum allowable 
concentration of 0.028 μg/L for benzo[a]pyrene vs. 0.2 μg/L 
for total PAHs [22]. 
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Fig. 5. Total ion chromatogram of the PW sample. (a) Aromatic 
hydrocarbons and (b) alkanes.

Table 2
Concentrations of various aromatic hydrocarbons in produced water collected from SZ36-1 terminal sewage 

No. Name Number of compounds Value (μg/L) Proportion (%)

1 Naphthalenes 36 18.30 14.5
2 Phenanthrenes 29 36.48 29.0
3 Thiophenes 20 5.43 4.3
4 Biphenyls 9 1.96 1.6
5 Furans 9 2.10 1.7
6 Chrysenes 14 10.46 8.3
7 Pyrenes 6 5.39 4.3
8 Fluorenes 13 5.80 4.6
9 Triaromatic steroids 5 14.90 11.8
10 Anthracenes 4 1.13 0.9
11 Other compounds 19 24.01 19.1
Total 164 125.96
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Furthermore, several alkane pollutants, such as docosane, 
hexadecane, tetracosane, octadecane, eicosane and tetradec-
ane, were identified in the present study (Table 3), which are 
on the Black List of preferred controlled pollutants, as deter-
mined by the US and China EPA. Conversely, BTEX were 
not detected in the PW samples, mainly because the samples 
were obtained from a viscous oil exploitation site and had 
been treated by flocculent precipitate. It is clear that the PW 
need further advanced treatment before discharge into the 
environment.

4. Conclusions

The particle size distribution of the wastewater was 
investigated, and the COD contributed by each part esti-
mated. The results showed that the COD distribution of the 
raw PW was 21.0% for the MWCO of 0.45 μm and 59.6% for 
the MWCO of 1 kDa. The majority of COD originated from 
soluble low-molecular-weight carbonyl compounds in the 
PW. There were three average fluorescence lifetimes of the 
soluble organic matter. The COD of PW had a good correla-
tion with its UV absorbance at 254 nm. Approximately 164 
aromatics and 17 alkanes, including some organic pollutants 
belonging to the group of preferred controlled pollutants, 
were detected and quantified in the PW by GC–MS analysis. 
Because of the strict discharge release standards of the China 
EPA, PW requires further treatment in addition to oil recov-
ery and flocculent precipitate.
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