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Artigo

An improved method based on reverse flow injection is proposed for determining sulfate concentration in the wet-process of

phosphoric acid (WPA). The effect of reagent composition, flow rate, temperature, acid concentration, length of the reaction coil, and
linear response range on the flow system is discussed in detail. Optimal conditions are established for determining sulfate in the WPA

samples. Baseline drift is avoided by a periodic washing step with EDTA in an alkaline medium. A linear response is observed within
a range of 20-360 mg L', given by the equation A = 0.0020C (mg L") + 0.0300, R? = 0.9991. The detection limit of the proposed
method for sulfate analysis is 3 mg L™, and the relative standard deviation (n = 12) of sulfate absorbance peak is less than 1.60%.

This method has a rate of up to 29 samples per hour, and the results compare well with those obtained with gravimetric method.

Keywords: reverse flow injection; sulfate; turbidimetry.

INTRODUCTION

Wet-process phosphoric acid (WPA) is prepared by acidulating
apatite from phosphate rock with sulfuric acid. The reaction combi-
nes calcium from the phosphate rock with sulfate from sulfuric acid
to form phosphoric acid and calcium sulfate crystals. The calcium
sulfate crystals are then filtered from the reaction slurry; thus, WPA
is obtained. The efficiency of WPA production process is primarily
influenced by filtration rate. Sulfate concentration exerts significant
influence on the formation of crystals, growth of calcium sulfate
crystals, and the filterability of the reaction slurry.! Furthermore, it
affects the phosphate rock extraction rate. During the production of
WPA, the calcium to sulfate ratio must be adjusted to an optimal value
to increase filtration and extraction rates. Consequently, analysis of
sulfate in WPA slurry is essential. By determining the sulfate amount,
the sulfuric acid can be adjusted accurately to increase the production
efficiency of WPA.

Many methods have been proposed for the determination of
sulfate in WPA slurry.

Gravimetric BaSO, method is well known for sulfate determina-
tion.>* This method is simple, and the analysis results are accurate.
However, because of the inherent characteristics of gravimetric
analysis, it is time consuming with low sensitivity.* Moreover, in the
industrial production process, numerous samples are involved, thus
making this method less convenient.

Sodium rhodizonate method is usually employed for sulfate
determination during WPA production. A red precipitate is formed
when sodium rhodizonate is mixed with barium chloride solution of
a known concentration. The solubility of this red-colored complex
is significantly greater than that of the barium sulfate. When sulfate
solution is added to this solution, BaSO, is precipitated, and the
color disappears.® This method is characterized by simple operation,
higher analysis speed, and low reagent consumption. However, only
a measurement range, rather than an actual value, can be obtained
with this method. Moreover, the deviation is larger when compared
with the results obtained using the gravimetric method. Therefore,
sulfuric acid concentration cannot be accurately adjusted during the
production of WPA.

*e-mail: wangxl@scu.edu.cn

Thermosensitive titrimetric method has currently been adopted
by some researchers for determining the sulfate concentrations in
WPA slurry. Although this method is more complicated, its analysis
speed is much higher than that of the gravimetric method. This me-
thod needs fewer reagents, and the precision is close to that of the
gravimetric method. However, thermal titration is expensive with
specific requirements for indoor temperature.

Turbidimetric method is also used for determination of sulfate.®
The results obtained using this method are similar to those obtai-
ned using the gravimetric method. The method is highly accurate.
However, the time spent on each measurement can be rather long
because the detection process can be performed only when the re-
action is in a steady state. The repeatability of this method is poor
because it is greatly affected by the operator’s skill of the operator
and, in some cases, by the time at which the detection is conducted.’
Moreover, the linear response range is relatively narrow; therefore,
this method is not suitable for sulfate control during WPA production.

Therefore, this paper presents a convenient procedure for qui-
ckly and accurately analyzing sulfate in WPA slurry by introducing
reverse flow injection analysis (r-FIA) technology.”'* Flow analysis
is a widely used methodology for analytical measurements and has
many significant advantages.”!>*° The sulfate in WPA slurry can be
easily and conveniently analyzed using this flow system because
almost all operations (such as sampling and separation and mixing of
reagents) involved in sulfate analysis are automated. Moreover, this
approach minimizes reagent consumption and maximizes sampling
rate. The effects of reagent composition, flow rate, temperature, acid
concentration, length of reaction coil, and linear response range on
the r-FIA system are discussed in detail in the following sections. The
results demonstrates the high performance of the r-FIA method, which
is based on the reaction of sulfate with barium ions, with respect to
sampling rate, precision, linearity, and accuracy.

EXPERIMENTAL
Reagents and solution
All the solvents and reagents are of analytical grade unless stated

otherwise. Double distilled water is used throughout the experiment.
A 5000 mg L! sulfate stock solution is prepared by dissolving
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2.72 g of dried K,SO, in 250 mL water. A standard working solution
(20-360 mg L' SO,*) containing 0.02 mol L™" hydrochloric acid is
prepared by proper dilution of the stock solution.

A 4.0% (w/v) barium chloride solution containing 4.0% (v/v)
ethanol, and 2.4% (v/v) nonyl phenol polyethyleneoxy ether (OP-10)
is used as the precipitating reagent.

A 5.0% (w/v) alkaline ethylenediaminetetraacetic acid (EDTA)
in 5.0% (v/v) NH;*H,O is used as the washing solution.

The WPA samples were provided by the Y UNTIANHUA Group.
The concentration of P,O; is 10-27% (w/w). The concentration of
Fe**, Mg*, and AI** of the impurity is in the range of 0.7-1.5% (w/w).

Reverse flow injection analysis system

The flow system, shown in Figure 1, is composed of an eight-way
multiposition selector valve, a Teflon tube (i.d. = 0.8 mm), two pe-
ristaltic pumps, a 1 cm optical path flow cell, a thermostatic bath, a
reaction coil, accessories, and a spectrophotometer connected to a
PC equipped with UV professional software.?-**

At the load position of 25 s, the precipitating reagent and alkaline
EDTA solution are directly aspirated through pump P1, and they fill
sample loops 1-1' and 3-3', respectively, with the excess discarded
(W). The length of the sample loop determines the injected reagent’s
volume. The sulfate solution is continuously added through con-
fluence point X.

After the sample loops are filled, the corresponding actuator is
activated to switch this valve to the injection position of 100 s. This
simple movement causes the simultaneous introduction of both the
precipitating reagent and EDTA solution into their corresponding
carrier streams (water). Small aliquots of the solutions are inserted
into the analytical path, thus generating a repeatable sampling profile.
The precipitating reagent is physically transported by the carrier stre-
am to the reactor block where it mixes with the sulfate solution. The
sulfate anions and barium ions react to form insoluble barium sulfate
particles in the reactor coil, which has been immersed in the thermos-
tatic bath at 30 °C. Finally, the reaction product is transported by the
carrier solution to the spectrophotometer, where the detection signal
is acquired at 420 nm wavelength. The analytical signal is directly
proportional to sulfate concentration. After the analytical signal has
been recorded, an alkaline EDTA solution is added into the reaction

Figure 1. Reverse flow injection analysis system. P1, P2: peristaltic pump,
S: samples, C: carrier stream(water), R1:alkaline EDTA solution, R2: pre-
cipitation reagent, L: reaction coil, V: 8-way multi-position selector valve,
M: reactor block, FC: 1-cm optical path flow cell, D: spectrophotometer, R:
recorder(computer), L1: output tube of precipitation reagent, L2:output tube
of washing solution, X: confluent point, W: waste liquid, B: thermostatic bath
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coil to dissolve BaSO, by the formation of Ba(EDTA)* complex, thus
removing the remaining solid particles of barium sulfate adhered to
the tube. This cleaning step is introduced to avoid positive drift of
the baseline and clogging of the analytical path. The measurements
are taken in triplicates at least.

RESULTS AND DISCUSSION
System optimization

The primary parameters, such as the length of the reaction coil,
flow rate, volume of the precipitating reagent, acid concentration, and
temperature, affecting this method are optimized to achieve desirable
performance and robustness of the system. Further, these variables,
which are related to the r-FIA system, are studied using the univariate
analysis method. A balance among the analysis speed, precision, and
linearity is the aim of this study.

Concentration of nonionic surfactant OP-10

Addition of surfactants is typically needed in turbidimetry to
guarantee uniform nucleation. Surfactants can encapsulate particles,
resulting in steric hindrance to particles, thus effectively avoiding
particle agglomeration.”!!** Moreover, the absence or presence of
protective colloids in a suspension affects the particle size.” One of
the factors examined in this study is the concentration of nonionic
surfactant OP-10, which is used to stabilize BaSO, suspension, thus
increasing the repeatability of the determination. Different concen-
trations of OP-10 ranging from 0.8 to 4.0% (v/v) are assayed. The
analytical signal and relative standard deviation (RSD%) of 156 mg
L-' SO, are evaluated, and the results are shown in Table 1. The
analytical curves corresponding to the different concentrations of
nonionic OP-10 are shown in Figure 2. The analytical signal is higher
in the presence of OP-10 when compared with the signal obtained
without any surfactant. Furthermore, the RSD% is lower when com-
pared with the result when OP-10 is absent because the presence of
nonionic surfactant OP-10 increases the hydrophilicity of particles
and effectively prevents particle agglomeration, thereby improving
the analytical signal and precision of the analysis.'®!” The analytical
signal is slightly improved with the increasing concentration of OP-
10 when the concentration is below 2.4% (v/v) because when the
concentration of OP-10 is less than 2.4% (v/v), dispersion of BaSO,
particles occurs. However, a higher concentration of OP-10 is not
recommended because of the aggregation of oil drops. The linearity
of the analytical curves is greatly improved when compared with the
results obtained in the absence of OP-10. Moreover, the linearity of
the analytical curves is satisfactory when the concentration of OP-10
is 2.4% (v/v). Therefore, an OP-10 concentration of 2.4% (v/v) is
chosen for further experiments. The OP-10 concentration of 2.4%
is greater than the critical micelle concentration (CMC) of OP-10,
which is 40 x 10~ mol L™'.»

Concentration of ethanol

The dielectric constants of organic solvents are comparatively
lower than that of water. Therefore, addition of organic solvents may
increase the electrostatic attraction between ions in solution, leading
to precipitation.? In this study, ethanol is added to the precipitating
reagent, and its effect on the r-FIA system is investigated. The
analytical signal and RSD% of 228 mg L' SO,*- are evaluated, and
the results are shown in Table 2. The analytical curves for different
concentrations of ethanol are shown in Figure 3. The results show
that a higher amplitude analytical signal can be obtained by adding
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Table 1. Analytical signal of varied concentrations of OP-10 for sulphate
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Table 2. Analytical signal of varied concentrations of ethanol for sulphate

determination determination
Concentration of Analytical RSDY% Linearity of Concentration Analytical RSD% Linearity of
OP-10 (v/v) signal (Abs) ¢ analytical curve of ethanol (v/v) signal (Abs) ¢ analytical curve
Without OP-10 0.240+0.006 2.29 0.9737 Without ethanol 0.310+0.002 0.65 0.9750
0.8% 0.283+0.006 1.84 0.9955 1.6% 0.365+0.003 0.84 0.9857
1.6% 0.325+0.004 1.24 0.9986 2.4% 0.409+0.004 0.88 0.9887
2.4% 0.344+0.002 0.84 0.9988 3.2% 0.453+0.004 0.89 0.9980
3.2% 0.325+0.003 0.81 0.9978 4.0% 0.493+0.005 0.94 0.9987
4.0% 0.300+0.003 0.84 0.9959 4.8% 0.499+0.006 1.00 0.9983
5.6% 0.507+0.006 1.13 0.9974
2 | without OP-10 0 ® 0.8%0P-10 "
08 Reags B L Roas r ethanol to the precipitating reagent because ethanol can effectively
< i e € g4 A enhance the hydrophilicity of the barium sulfate particles, thus further
v L o & hindering the agglomeration of particles. Furthermore, the addition
’ ' ' V,/"/ of ethanol may affect the nucleation process because it can reduce
D=t I obx B W W @m W the activation energy for homogeneous nucleation, thus boosting the
08 Sulphate / (mg L") 08 Sulphate/ (mg L") nucleation rate. Ethanol has better growth inhibition effects in the
wl 1:“ Dz’;:s g awl 7 :5;2;;0 o ) BaSO, crystal growth process.”” In view of the favorable influence of
< A < = ethanol concentration, its concentration must be as high as possible.
04 & 04 » « . . . .
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< = - 04 7 Therefore, 4.0% (v/v) ethanol is chosen for subsequent experiments.
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Figure 2. Analytical curves of varied concentrations of OP-10 for sulphate
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Figure 3. Analytical curves of varied concentrations of ethanol for sulphate determination
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the results are shown in Table 3. The analytical curves correspon-
ding to different volumes of the precipitating reagent are shown in
Figure 4. Experiments show that when the volume is very small, the
relationship between the analytical signal and sulfate concentration is
nonlinear. A linear relationship between analytical signal and sulfate
concentration can be observed when the concentration reaches up
to 300 puL. When the volume is increased from 300 to 400 uL, the
magnitude of analytical signal is also increased, and the linearity
of the analytical curves is simultaneously improved. However, the
analytical signal presents a small difference when the volume of the
precipitating reagent is greater than 400 pL. Namely, the magnitude
of the analytical signal increases by approximately 14% when the
volume is increased from 200 to 400 uL; however, a similar trend
cannot be seen above 400 L. Therefore, 400 uL of the precipitating
reagent is used for subsequent experiments to obtain a satisfactory
degree of precise and linear analysis. In this case, the dispersion
coefficient value is calculated to be 5.3.%

Table 3. Analytical signal of varied volumes of precipitating reagent for
sulphate determination

Volume of precipi-  Analytical RSD% Linearity of
tating reagent (uL)  signal (Abs) ? analytical curve
200 0.425+0.006 1.29 nonlinear
300 0.463+0.007 1.27 0.9836
400 0.486+0.007 1.21 0.9990
500 0.486+0.006 1.06 0.9990
600 0.486+0.005 0.97 0.9989
08
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Figure 4. Analytical curves of varied volume of reagent for sulphate deter-
mination

Flow rate

To improve the analysis frequency, the flow rate and length of
the reaction coil are also optimized.

The flow rate is varied within a range of 2.1-4.2 mL min~'. The
analytical signals and RSD% of 156 mg L' SO,* are evaluated,
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and the results are shown in Table 4. The analytical curves of the
different flow rates are shown in Figure 5. The results show that a
negative correlation exists between the flow rate and the analytical
signal. When the flow rate is increased from 2.1 to 4.2 mL min™, the
analytical signal magnitude decreases by approximately 20%. The
negative correlation implies that the lower the flow rate, the higher the
obtained analytical signal. However, it should be noted that a lower
flow rate not only decreases the sampling frequency but also favors
the formation of air bubbles along the analytical tube and the flow
cell, which impedes detection. Therefore, after considering precision,
reagent consumption, sampling rate, and linearity, a flow rate of 3.2
mL min~! is selected for subsequent experiments.

Table 4. Analytical signal of varied flow rates for sulphate determination

Flow rate Analytical Linearity of
(mL min™") signal (Abs) RSD% analytical curve
2.1 0.370+0.010 2.58 0.9963
2.5 0.356+0.008 2.03 0.9988
32 0.334+0.004 1.13 0.9989
38 0.316+0.003 0.97 0.9980
4.2 0.297+0.002 0.52 0.9928
%% w21mLmin’ o 081§ 25mLmin’ ,
6 R°=0.9963 ' 06 R=0.9987
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Figure 5. Analytical curves of varied flow rates for sulphate determination
Length of the reaction coil

The length of the reaction coil is studied within the range of
80-200 cm. The analytical signals and RSD% of 216 mg L' SO,*-
are evaluated, and the results are shown in Table 5. The analytical
curves at different lengths of the reaction coil are shown in Figure
6. The obtained results indicate that this parameter exerts minimal
influence on the analytical signal and the linearity of the analytical
curves when it is greater than 150 cm. When the length of the reaction
coil increases from 150 to 200 cm, the amplitudes of the analytical
signals remain almost constant. This phenomenon is explored to
analyze the concepts of dispersion and residence time. The increase
in analytical signal amplitude because of the increased retention
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time with the longer reaction coil is offset by further dilution (larger
axial dispersion) within the reaction zone when the BaSO, suspen-
sion flows through the longer reaction coil.”” When the length of
the reaction coil is less than 150 cm, the analytical signal is higher;
however, the precision of the analysis is lower. To obtain a relatively
higher level of precision and minimize the time required for sulfate
determination, the length of the reaction coil is set to 150 cm. The
selected 150-cm-long reaction coil provides desirable precision and
linearity because it provides sufficient room for reaction completion
and proper dispersion of the reaction product.

Table 5. Analytical signal of varied length of reaction coil for sulphate
determination

Length of reac- Analytical Linearity of
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signal increases almost linearly with increasing temperature because a
lower temperature contributes to a larger number of crystal nucleuses,
thus refining the BaSO, particles. As the temperature increases, the
crystal surface energy decreases, and the molecular thermal motion
is intensified. The reduced surface energy may contribute to particle
agglomeration. The intensified molecular thermal motion may incre-
ase the frequency of particle collisions, thus increasing the size of
BaSO, particles. Larger particles imply fewer particles, thus indicating
a less pronounced scattering effect. Moreover, the stronger the scat-
tering light, the higher the level of the analytical signal. Therefore,
the analytical signal is higher at a high temperature than that at low
temperature. Therefore, a higher temperature is conducive for obtai-
ning a higher analytical signal. However, the RSD% of the analysis
increases with the increase in temperature, whereas the linearity of
the analytical curves decreases with increasing temperature. To obtain
a desirable precision and linearity, the temperature of the analysis is
controlled at a relatively lower temperature of 30 °C.

Table 6. Analytical signal of varied reaction temperature for sulphate de-

. . . RSD .
tion coil (cm) signal (Abs) Sb% analytical curve
80 0.504+0.016 2.71 0.9809
100 0.483+0.008 1.66 0.9830
120 0.475+0.008 1.55 0.9959
150 0.465+0.005 1.08 0.9990
180 0.466+0.006 1.06 0.9988
200 0.466+0.004 0.87 0.9989
0.8 0.8 "
m 80 cm (,-'/' e 100 cm /-/’-
06 R’=0.9809 // 08 R’=0.9830 A
,//' ///
< 04 - > < 04 /'./
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Figure 6. Analytical curves of varied length of reaction coil for sulphate

determination

Temperature of the reaction

The temperature of the reaction, acid concentration of samples,
and the concentration of barium chloride are other important influen-
cing variables and must be carefully controlled.

The effect of temperature on the assay of sulfate is investigated
within the range of 20-50 °C. The analytical signals and RSD% of
204 mg L' SO,* are evaluated, and the results are shown in Table 6.
The analytical curves at different temperatures are shown in Figure 7.
Furthermore, the linearity of the analytical curves at different tempe-
ratures is also described in Table 6. As can be observed, the analytical

termination
Temperature Analytical Linearity of
°0) signal (Abs) RSD% analytical curve
20 0.424+0.004 0.83 0.9990
25 0.434+0.004 0.83 0.9989
30 0.447+0.005 0.98 0.9988
35 0.465+0.008 1.62 0.9968
40 0.480+0.008 1.67 0.9948
50 0.503+0.010 1.91 0.9892
0.8 m 20C 08 e 25C
. 2 /,,,n
5 R*=0.9990 e 06 R?=0.9989 //
s e
< 04 e < 04 e
//‘l //'.’/’
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Figure 7. Analytical curve of varied temperatures for sulphate determination
Acid concentration
Acid concentration of the sample is an important parameter that

must be investigated. Here, acidity is associated with ionic strength,
which affects the turbidimetric procedure.'® Therefore, this variable
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must be precisely adjusted to improve the stability of barium sulfate
suspension. In this study, the acid concentration of the sample is ad-
justed by adding dilute hydrochloric acid. The analytical signal and
RSD% of 156 mg L' SO > are evaluated, and the results are shown
in Table 7. The analytical curves at different acid concentrations are
shown in Figure 8. The experimental results suggest that when the
acid concentration of the sample is increased from 0.002 to 0.020
mol L, the peak height increases by approximately 31%. When acid
concentration of the sample increases from 0.020 to 0.100 mol L,
the values of the analytical signal are almost constant.

Foreign ions such as Fe**, Mg?*, and AI** exist mainly in the form
of phosphate salts in the WPA slurry, thus resulting in a highly acidic
environment. When the WPA samples are diluted, the acidity of the
solution is weakened. When the acid concentration of the samples is
low, the hydroxides of Fe**, Mg*, and AI** will be deposited. This
hydroxide precipitation will clog the tube and hinder the determina-
tion of sulfate. Moreover, hydrochloric acid is added to prevent the

Table 7. Analytical signal of varied acid concentration for sulphate deter-
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formation of phosphate barium, which may interfere with sulfate
determination. Therefore, the acid concentration of the samples is
controlled within the range of 0.020-0.100 mol L.

Length of output tube

Precipitates may occasionally build up when turbidimetric flow
methodologies are adopted. This leads to lower precision and may
even block the tube.* EDTA is a strong chelating agent and forms
a stable complex with many metal ions.*’ To dissolve the BaSO,
adhered to the tube, a washing step with EDTA solution in an alka-
line medium is necessary.”’>? The concentrations of EDTA and
NH,*H,O are then evaluated, with the former varied within a range
of 3.0-6.0% (w/v) and the latter varied within a range of 3.0-7.0%
(v/v). The results demonstrate that the optimal signal is obtained, and
the baseline is stabilized when the washing solution is composed of
5.0% (w/v) EDTA and 5.0% (v/v) NH,*H,O. The concentration of
NH,*H,O is not recommended to be very high because the tail peaks
are obvious. Furthermore, the time at which the washing solution

mination enters the reaction coil is an important parameter that affects the
Acid maximum absorption peak produced by the analyte. If the EDTA
. Analytical Linearity of solution enters the reaction coil too early, it can interfere with the
concentration . RSD% . o T
(mol L) signal (Abs) analytical curve determination of the analyte. By adjusting the length of L2, the output
0.000 0.25620.007 0.60 09978 tube, the time at which the washing solution enters the reactor coil
=+ . .

’ B ' ’ can be controlled. The experiments are conducted by varying the
0.004 0.267+0.002 0.75 0.9979 length of L2 from 230 to 300 cm while maintaining the length of L1
0.006 0.283+0.002 0.71 0.9988 at 80 cm. The results show that when L2 is longer than 270 cm, the
0.012 0.30540.003 0.87 0.9986 baseline remains stable after a long-time operation. Therefore, the

length of L2 is set to 270 cm.
0.020 0.336+0.004 0.96 0.9987
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Figure 8. Analytical curves of varied temperatures for sulphate determination
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evaluated, and the results are shown in Table 8. The analytical
curves for different barium chloride concentrations are shown in
Figure 9. As can be observed, the analytical signal decreases as the
barium chloride concentration decreases from 4.0 to 2.0% (w/v),
indicating that when barium chloride concentration is less than
4.0%, the precipitation reaction is insufficient. Therefore, 4.0%
(w/v) BaCl, solution is used as the precipitating reagent because it
results in higher analytical signals and better linearity for the r-FIA
system than those obtained with barium chloride concentrations of
4.0-6.0% (w/v).

Table 8. Analytical signal of varied concentrations of BaCl, for sulphate

Determination of sulfate in the wet-process of phosphoric acid by reverse flow injection
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is described by the equation A = 0.0020 C (mg L") + 0.0300, and the
correlation coefficient R =0.9991, where A is the absorbance value
at the maximum peak. The detection limit of the proposed method
for sulfate analysis is 3 mg L.
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Figure 9. Analytical curves at varied concentrations of barium chloride for sul-
phate determination

Linearity range

The sulfate concentration is optimized to obtain a good linearity.
The minimal concentration is optimized to obtain the lowest turbidity
without sensitivity loss. To evaluate the dynamic working range, the
concentrations of sulfate anions are varied in the range of 10-400
mg L. A straight line is obtained when SO,* concentration ranges
between 20 and 360 mg L~!. A typical calibration graph for sulfate, as
shown in Figure 10, is plotted after analyzing eight different standard
working solutions, with each concentration measured in triplicates.
Each point of the calibration graph corresponds to a mean value ob-
tained from three continuous absorption peaks. The calibration graph

Figure 10. Transient signals obtained for sulphate standard working solution
measured in triplicates. The insets show the corresponding calibration graph

Analytical features

The time required for determining sulfate concentration in WPA
slurry is significantly shortened by the proposed method when com-
pared with the conventional analysis methods such as gravimetric,
sodium rhodizonate, and turbidimetric methods. The proposed
method can satisfy the requirement of rapid determination of sulfate
concentration during WPA production. Because no sophisticated
equipment and special reagents are required, the proposed method
is simple and inexpensive.

Application

The feasibility of the proposed method is ascertained by analyzing
a set of WPA samples. First, the WPA samples must be diluted with
distilled water to a linear response range of 20-360 mg L', and the
acidity must be adjusted to 0.020-0.100 mol L-!. All measurements
of transient absorbance are made in triplicates at least, and the mean
value of the absorbance is used to calculate the sulfate concentration
by means of the calibration curve. The conventional gravimetric me-
thod is used for comparison, and the results are shown in Table 9. As
can be observed, the accuracy of the proposed method is satisfactory.
When compared with the standard gravimetric method, the deviation
of the proposed approach is less than 2.50%. The system is stable,
and no baseline drift is observed during extended working periods.
The relative standard deviation (n = 12) of the sulfate absorbance
peak is less than 1.60%.

Table 9. Results of sulphate determination in WPA samples

Sulphate (mg mL")

Sample Proposed Gravimetric Relative
procedure method error (%)

1 17.48 17.17 1.81

2 17.08 16.80 1.67

3 17.01 17.43 241

4 17.43 17.08 2.05

5 16.55 16.91 2.13
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Interferences

With regard to selectivity, a 240 mg L' sulfate standard working
solution containing 500 mg L' Fe**, Mg*, and Al* was tested; no
interference was observed.

CONCLUSION

In summary, the proposed method can be used for effectively
determining sulfate concentration in WPA. With an automated
spectrophotometric system, the proposed method realizes a fast and
accurate sulfate determination. In the proposed method, the analysis
speed is significantly improved reaching up to 29 determinations
per hour. The advantages of the proposed analysis method include a
high degree of accuracy, great flexibility, and excellent repeatability,
and the use of discrete precipitation ensures convenient operation.
Moreover, because sophisticated equipment and special reagents
are unnecessary, the proposed method is simple and inexpensive.
Although manual methods for sulfate determination are simple,
they are time consuming because they require complicated sample
preparations. Therefore, the proposed method can be considered as an
effective alternative for sulfate concentration determination in WPA.
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