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Quantitative analysis of ammonium salts in the process of coking industrial liquid waste treatment is successfully per-
formed based on a compact Raman spectrometer combined with partial least square (PLS) method. Two main components
(NH4SCN and (NHy4)»2S,03) of the industrial mixture are investigated. During the data preprocessing, wavelet denoising
and an internal standard normalization method are employed to improve the predicting ability of PLS models. Moreover,
the PLS models with different characteristic bands for each component are studied to choose a best resolution. The inter-
nal and external calibration results of the validated model show a mass percentage error below 1% for both components.
Finally, the repeatabilities and reproducibilities of Raman and reference titration measurements are also discussed.
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1. Introduction

Over the last few decades, coking liquid waste pollution
has always been a major problem throughout the world, espe-
cially in China. Coking liquid waste is composed of com-
plex inorganic and organic contaminants such as ammonia,
cyanide, sulfate, phenolic compounds, polycyclic aromatic hy-
drocarbons and polycyclic nitrogen. Most of these pollutants
are toxic, refractory, carcinogenic, and usually result in envi-
ronmental and health problems.!'# In China, a mixed cata-
lyst desulfuration technique called HPF is widely utilized in
the coking liquid waste treatment process, where HPF is the
abbreviation of hydroquinone, phthalocyanine cobalt dualcore
sulfonate, and ferrous sulfate. There is still a large quan-
tity of residual ammonium salts (NH4SCN, (NH4)»S,03, and
(NH4)»SO4) among the liquid waste after the desulfuration
treatment, which has significant economic values, and can be
separated by using a membrane process of nanofiltration. %)
In the separation process, the titration method is commonly
employed to find the concentration information of ammo-
nium salts, which is time-consuming (dozens of minutes or
more), manually operated and impossible to detect two com-
ponents simultaneously. Consequently, there is a strong de-
mand for instantaneous, autonomous analytical methods to
provide species identification and accurate measurements.

Raman spectroscopy has proven itself to be a powerful

tool for the study of various fields of science, primarily due

DOI: 10.1088/1674-1056/25/10/107403

to the extraordinary versatility of sampling methods. Ra-
man spectroscopy gives the detailed vibration spectrum of the
analyte, which can be treated as its “molecular fingerprint”,
and allows easy explanation and identification. Over the last
years, there has been a tremendous technical improvement in
Raman spectroscopy, such as in fluorescence, sensitivity or

6-12] These advances, together with the abil-

reproducibility.!
ity of Raman spectroscopy to examine aqueous samples inside
glass containers, meet our demand perfectly. Moreover, Ra-
man spectroscopy has been successfully verified as a viable
tool for the rapid detection of nitrate and nitrite in water and
liquid waste.[!3

In the present work, a compact commercial Raman
spectrometer- (QE-pro, Ocean Optics, Inc.) based detection
system is proposed for the quantitative analysis of the ammo-
nium salts in the coking industrial liquid waste treatment pro-
cess. Here, Raman spectra of industrial liquid waste with dif-
ferent mixing ratios of ammonium salts are recorded, and titra-
tion measurements are performed parallelly for reference anal-
ysis. Moreover, for eliminating the influence of laser power
disturbance and improving the detection accuracy, wavelet fil-
tering and the so-called internal reference standard calibration
strategy are implemented in data preprocessing. Then, all the
processed data are analyzed by using the partial least square
(PLS) method.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 41405022 and 61475068).
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2. Experiments
2.1. Samples and reference analysis

Forty-two samples from different distillation stills in the
separation processes were recorded in Suzhou Jiuwang Mul-
tiple Ammonium Salts Technology Company Ltd. from Oc-
tober 2014 to March 2015, with the concentrations (mass per-
centage) of NH4SCN ranging from 16% to 64%, (NH4)»S,03
from 12% to 55%, and (NHy4),SO4 below 2%, respectively,
each sample was analyzed by using the titration method. For
covering the whole concentration range of the industrial pro-
cess, twenty-one artificially synthesized samples were pre-
pared by using pure samples and industrial samples. These
pure samples were also utilized to validate the spectrum in-
formation of ammonium salts. In order to validate the PLS
based prediction models, twenty-four samples were collected
for the external validation from May to August 2015. It should
be noted that sulfur particles in the samples needed filtering
firstly, and then the samples were diluted uniformly to 50 mL
with deionized water for further titration measurement and Ra-
man analysis.

2.2. Instrumentation and spectra acquisition

A compact QE-pro series Raman detection system was

employed in this investigation (Fig. 1).

—_——— F
785 nm %ﬂ l__
laser probe  — . E

sample holder l

Fig. 1. (color online) Schematic diagram of experimental set-up.

An SMA-coupled and spectrum stabilized multi-mode
785-nm laser with a maximum power of 350 mW (300 mW
was chosen in the experiment) and a spectral line width of
0.2 nm was used as an excitation light source. The output
beam illuminated the samples contained in a cuvette vertically
via a bifurcated optical probe with one leg coupled to the laser
and the other to a QE-pro Raman spectrometer. By the same
probe, the back-scattered Raman beam was collected by the
QE-pro spectrometer with an integration time of 20 s. The QE-
pro spectrometer is responsible from 200 nm to 1100 nm with
an optical resolution about 5 cm~! and can be cooled down
to —15 °C with the on-board TE-Cooler to reduce dark noise.
Finally, the Raman spectra were acquired by an omnidriver-
(dll files were provided by Ocean Optics) based Lab-view pro-
gram or Ocean View (Ocean Optics, Inc.) with dark spectrum
subtraction and wavelength correction performed during the

acquisition. In particular, in order to minimize the influences
of temperature and humidity change, the whole system was
placed in a chamber with constant temperature (20 £1 °C)
and humidity (RH 45 £ 1%).

2.3. Theory

The intensity of Raman scattering can be presented in
simple form as

R=IKPoC, (D

where R is the Raman peak intensity, [ is the laser intensity,
K includes instrument parameters such as optical transmis-
sion and collection efficiency, P is the sample path length,
o is the Raman cross-section or scattering efficiency of the
species under investigation, and C is the concentration per
unit volume. As parameters such as K, I, and P may change
during the experiment, an internal reference standard is often

14,15

required.[!*!13] In this experiment, the entire spectrum was nor-

malized by multiplying a factor N
N=A / RH207 2)

where Ry, 0 is the peak intensity of a water spectrum and A is
an arbitrary constant, then the normalized form of the sample
and water can be obtained, respectively,

:ample = NIKPGsamplcCsamplea 3)

R;F{QO = NIKPO'HZ()CHZ(), (4)

where R* indicates the normalized peak intensity. Because the
spectra of the sample and water are acquired simultaneously,
the term NIKP in Eq. (3) is the same as that in Eq. (4). Thus
the following relation can be obtained:

C
:ample =Bx < g;m[(;le) ) )
2

where B is constant across all measurements for different sam-
ples. Equation (5) indicates that the normalized peak intensity
of the sample is directly proportional to the ratio of the con-
centration of the sample to that of the water. Considering that
the concentration of water can be regarded as a constant, the
normalized peak intensity of the sample is proportional to its
concentration regardless of the variance of the term /KP in
Eq. (4). In the present paper, a characteristic peak of water is
employed as the internal reference standard to normalize the
spectrum, which shows distinct improvement in our experi-
ment.

3. Results and discussion
3.1. Raman spectroscopy results

In order to validate the spectral information of different
ammonium salts, Raman spectra of pure samples are recorded
(Fig. 2).
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By comparing the spectra of studied compounds with
those of deionized water, we can observe the characteristic
peaks of NH4SCN at 754 cm™! and 2070 cm™', peaks of
(NH4)2S,03 at 340, 449, 670, 994, and 1122 cem~ !, and the
peaks of (NHy4)2SO4) at 452, 619, 989, and 1115 cm~ L. Note
that the characteristic peaks of (NH4)2S,03 and (NHy)2SO4
come in a pair and overlap with each other. Normally, multi-
peak fitting algorithms can be employed to obtain their con-
centrations. However, considering that the concentration range
of (NH4)2SOy4 is below 2%, and its concentration is difficult
to obtain accurately by using the reference titration measure-
ment, the analysis of (NH4)2SO; is not included in this pa-
per. Here the method we used to minimize the prediction bias
caused by (NHy)»SOy is to choose the best spectrum charac-
teristic band of (NH4)»S,03 to build prediction models.

1.0 £
) S| — (NHy)28:03 &
3 S| —(NH,4),SCN

0.8} — (NH,),80,

—deionized water

©
=)

o
~

Raman intensity/10* arb. units
<
o

500 1000 1500 2000 2500

Raman shift/cm~!

Fig. 2. (color online) Raman spectra of pure components and deionized
water.

The characteristic bands of samples for internal calibra-
tion are shown in Fig. 3, where two characteristic bands
of NH4SCN (blue), five characteristic bands of (NHy)2S,03
(pink) and two characteristic bands of water (gray) are marked
with different symbols. First, these characteristic bands
were quantitatively studied by using the PLS regression after
wavelet denoising and an internal normalizing process. Then,

the best prediction model can be identified.

500 1500 2500 3500

Raman shift/cm~!

Normalized Raman intensity/arb. units

Fig. 3. (color online) Spectra of the calibration samples and their character-
istic bands, (NH4SCN i and ii, (NH4)2S,03 I-V, water vapor 1 and 2).

3.2. Data preprocessing and software

Data preprocessing is always an important procedure for
Raman-based investigations, which may make the analysis
more accurate and improve the detection limit. Wavelet trans-
form is proven to be a powerful tool in analyzing Raman spec-
tra and details have already been described elsewhere.[!0-19]
Here only the process is presented. For reducing the unwanted
noise, a db02 wavelet-transform-based denoising method is
employed, which can produce much higher denoising quality
than conventional methods and retain the details of a signal af-
ter denoising. The comparison between denoised signals and
raw data is shown in the inset of Fig. 4(a), with an offset added

on the denoised data.

w
o
o
o
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— denoised data

2000 1

1000 L--.-‘-..‘--k/\_*\/\

Raman intensity

CWT coeff./10*
é. x
= }% —

1.6- (b)

0_

150
o (c)
2 1007
ol MU
E O--/\/'\ N~ — e~ ]
© T T T T T
- 600 800 1000 1200 1400 1600 1800

Raman shift/cm~!

Fig. 4. (color online) Data preprocessing results for a sample: (a)
spectra results after background removal, comparison between wavelet
denoised results and raw spectra data (inlet). (b) Continuous wavelet
transform (CWT) coefficients for the denoised spectra signal. (c) The
Ist derivative results of the denoised spectra signal.

It can be seen from the graph that the signal-to-noise ra-
tio is significantly improved. As for normalizing the spectrum,
characteristic band 2 of water (Fig. 3) is utilized as an internal
reference standard, owing to the higher signal-to-noise ratio
and more stable than that in region 1. In order to obtain the
peak value of water, continuous wavelet transform (CWT) co-
efficients (Fig. 4(b)) are employed as the reference signal to
find the starting and ending point of the validated peaks, which
shows more rigorous than normally used derivative methods
(Fig. 4(c)). Finally, the normalized spectrum is calculated af-
ter dividing the raw spectrum by the peak value of water.

It should be noted that the programs used for data pre-
processing are compiled in laboratory virtual instrument en-
gineering workbench (LabVIEW) environment, the wavelet
transform is implemented by virtue of Wavelet analysis Toolk-
its (National Instruments Corp.), and the PLS analysis is per-
formed with TQ Analyst (Thermo Fisher Scientific).
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3.3. Quantitative analysis

3.3.1. PLS models and internal validation

Quantitative analysis is performed on 87 samples includ-
ing industrial and artificially synthesized samples. Sixty three
samples, 42 industrial and 21 synthetic, collected from Octo-
ber 2014 to March 2015, are randomly divided into two sets
to form a calibration set and an internal validation set for the
PLS models. After that, an external validation is conducted on
24 industrial samples collected from May to August 2015.

The calibration results for a PLS model are explained in
terms of correlation coefficient (R), root mean square error of
calibration (RMSEC), root mean square error of prediction
(RMSEP), and the number of factors. Comparisons among
the PLS models employing different smoothing methods are
shown in Table 1.

Table 1. PLS models with different data processing methods.

Samples and models R RMSEC RMSEP(In)*  Factors
NH4SCN
PLS-raw* 0.99623 0.0365 0.0395 5
PLS-ND* 0.99584 0.0383 0.0562 4
PLS-SG* 0.99608 0.0372 0.0393 5
PLS-WL* 0.99735 0.0306 0.0383 5
PLS-WLN* 0.99876 0.0192 0.0361 3
(NHy)25,03
PLS-raw 0.98754 0.0495 0.0804 3
PLS-ND 0.98488 0.0545 0.0874 2
PLS-SG 0.98716 0.0503 0.0812 3
PLS-WL 0.99541 0.0301 0.0458 3
PLS-WLN 0.99663 0.0258 0.0299 3

*

-raw: raw data, -ND: Norris derivative filter, -SG: Savitzky—Golay filter, -
WL: wavelet denoising, -WLN: normalized data after wavelet denoising, RM-

SEP(In): RMSEP of internal calibration.

The smoothing methods considered here include Norris
derivative filter (-ND), Savitzky—Golay filter (-SG), wavelet
denoising (-WL), and wavelet denoising combined with the
water normalization (-WLN). For NH4SCN, where character-
istic band ii is chosen for the comparison, the correlation co-
efficient R of PLS-WL is slightly better than the results of
PLS-ND and PLS-SG, and R is further improved by using
PLS-WLN. Actually, each method shows a good correlation
with the reference analysis, and the low RMSEC and RM-
SEP values indicate good prediction of the samples. As for
(NH4)2S,03 (region IV is used), the R is significantly im-
proved while the wavelet denoising is employed, and the cali-
bration results are further optimized when the water optimiza-
tion is performed. Accordingly, the PLS-WLN is chosen as
the final prediction model for both samples. Note that the cal-
ibration results of NH4SCN is better than (NH4)2S,03, it is
mainly because the peak of NH4SCN has a higher signal-to-
noise ratio and there is no other interference near the charac-
terizing band of NH4SCN.

3.3.2. Accuracy of the models (external validation)

In order to evaluate the predicting ability of PLS—-WLN
models, 24 samples from industrial process are tested from
May to August in 2015. Table 2 presents the results of each
sample in different regions, where two NH4SCN bands and
five (NHy)»S,03 are considered.

Table 2. PLS-WLN models for different spectrum regions and external
validation results.

Samples and regions R RMSEC RMSEP(Ex)*  Factor
NH4SCN

Region i 0.99785  0.0252 0.166 2
Region ii 0.99876  0.0192 0.040 3
(NH4)25,0;3

Region I 0.99290  0.0359 0.063 4
Region II 0.99309  0.0354 0.033 1
Region IIT 0.99582  0.0276 0.037 4
Region IV 0.99663  0.0258 0.128 2
Region V 0.99602  0.119 2

*RMSEP(Ex): RMSEP of external calibration.

For NH4SCN, the calibration results are almost the same
for both regions except the RMSEP(ex) (RMSEP of external
calibration). The main reason for the RMSEP(ex) of region
i (0.166) being larger than region ii (0.04) is that the region ii
obtains higher signal-to-noise ratio and there is an interference
from (NH4)»S,03 near region i which makes the background
of region i irregular and may cause overfitting. Therefore,
PLS—-WLN mode using region ii is validated for the predic-
tion of NH4SCN. For (NH4),S,03, the RMSEP(ex) results of
regions II and III are similar to their RMSEC results, while
the RMSEP(ex) results of regions I, IV, and V up to 0.063,
0.128, and 0.119 are obtained, respectively. This result indi-
cates that the interference from (NHy4),SO, with low concen-
tration (below 2%) can be ignored in regions II and III. Fig-
ures 5 and 6 show the external calibration results of NH4SCN
and (NHy)2S,03 by using region ii and region II, respectively.

3 24 0
E (a)
% Corr. Coneff.: 0.99309 RMSEC: 0.0354
= 1.8
2
g
g
£ 1.21 0 calibration
5]
g + internal validation
g A external validation
£ 06 : . : . -
0.6 1.2 1.8 2.4
0.1 0
o) b) .
g ( LY, o RMSEP: 0.0326 1 factor used
L LY. Ly
= s, °
&) A
—0.1 T . 0
0.6 1.2 1.8 2.4

Actual concentration/(g/50 mL)

Fig. 5. (color online) External calibration results for NH4SCN using
region ii.
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5 2.5
g Corr. Coneff.: 0.99876 RMSEC: 0.0192
(=}
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@ 2.0
>
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£ 05 : : .
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Fig. 6. (color online) External calibration results for (NH4),S,03 using
region II.

For each sample, the prediction error is calculated by the
difference between the prediction result and the reference titra-
tion result. Finally, a mass percentage error below 1% for both
samples is obtained.

3.3.3. Repeatability and reproducibility of methods

Repeatability of reference titration method and Raman
technique are studied by using the same industrial sample.
One thousand successive measurements with 20-s interval are
performed to estimate the repeatability of Raman technique.
Figure 7 shows a result of successive measurements with
the mean value and standard deviation of 1.693 +0.027 for
NH4SCN and 2.945 4 0.025 for (NHy4),S,03, respectively.

o (NH4)2S203 mean =2.945 sd=0.025
2.8= o NH,SCN mean = 1.693 sd =0.027
1.84 o © o

Normalized values/arb. units

0 200 400 600 800 1000
Data points

Fig. 7. (color online) Results of 1000 successive measurements with
20-s interval for (NH4)2S203 and NH4SCN.

For uniformity, the standard deviation is expressed as
mass percentage error (MPE). The MPEs of NH4SCN and
(NH4)2S,03 for Raman technique are 0.3% and 0.25%, re-
spectively. The repeatability estimation of the reference titra-
tion method is performed five times over one day with one op-
erator. The MPEs of both components for the reference titra-
tion method are below 0.2%.

The reproducibility study of reference titration method is
conducted five times per day by using the same sample with
3 operators during one week. The MPEs of both components

are 0.4%, which is larger than the repeatability estimation re-
sult. Reproducibility study of Raman technique is performed
with 100 successive measurements recorded per day and by
three operators during one week. The standard derivation ex-
pressed as MPE is around 0.28% for both components. All
results mentioned above guarantee that the prediction results
of Raman results are credible.

4. Conclusions

Rapid measurements of NH4SCN and (NHy4),S,03 in the
coking liquid waste treatment processes are performed by em-
ploying a compact Raman detection system with an integration
time of 20 s. Firstly, comparisons among different smooth-
ing methods are analyzed by using PLS. The results show a
distinct improvement when wavelet filtering and an internal
normalization are employed in data preprocessing. Then PLS
models with different regions for both components are also an-
alyzed. It is found that region ii of NH4SCN and regions Il and
III of (NH4)»S,03 have higher correlation with reference titra-
tion measurements and lower RMSEP(ex). In summary, this
Raman detection system shows that it is a promising power-
ful tool for not only recognizing the three kinds of ammonium
salts but also monitoring the process of liquid waste treatment
processes and purity detection of finished products.
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