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Abstract

A phenol removal process was developed for the coal-gasification wastewater. Based on extraction principles and experimental results
extracting solvent was selected in consideration of phenol removal, solvent recovery and COD removal for the coal-gasification wastewater.
extraction process conditions were studied, and a flowsheet for phenol removal was proposed. An on-site trial-plant of 2 t/h wastewater was
up for testing and industrial verification. The results of the on-site trials showed that more than 93% of the phenols and 80% of COD in t
wastewater were removed. The operating cost of the proposed process was approximately balanced by the economic return of the reco
phenols.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the effluent wastewater can be dramatically reduced. This
makes biochemical treatment easier.

Phenols are toxic organic compounds listed as priority pol- A large gas-making plant in northern China uses lignite as
lutants by the US environmental protection agency (ERA) a raw material to make coal gas through the Lurgi process.
They are lethal to fish at low concentrations (5-25 mg/L) andThe plant yields 2,420,000 Ntwas per day, and provides civil
bring objectionable tastes to drinking waf@]. The effluent gas for a city with a population of 4 million. In the process of
from the coal-gasification process contains high concentrationoal-gasification, however, there is an effluent of 100 t/h toxic
of phenols. At such high concentration of phenols, e.g. more thawastewater from the plant, containing over 5000 mg/L of phe-
3000 mg/L, microorganisms cannot survive. This makes biolognols along with COD as high as 20,000 mg/L. The present work
ical treatment difficul{3]. Furthermore, in the coal-gasification was to develop a phenol removal technique for the wastewater
wastewater, non-volatile dihydric and trihydric phenols appeafrom the plant.
at concentrations of hundreds or even thousands of milligram per In this work the performance of phenol removal from the
liter [4,5]. These dihydric and trihydric phenols are extremelywastewater with four alternative solvents, namely diisopropy!
resistant to biological oxidatiof#]. Therefore, a pretreatment ether (DIPE), butyl acetate, methyl isobutyl ketone (MIBK)
to remove phenols in the coal-gasification wastewater is particand 30% tributyl phosphate (TBP)—kerosene were investigated.
ularly crucial. In the comprehensive consideration of phenol removal, solvent

Solvent extraction is one of the most important techniquesecovery and COD removal, MIBK was selected as the extracting
used in high phenol-concentrated wastewater pretreaf@&ht  solvent for the coal-gasification wastewater. Then, the extraction
Through solvent extraction, most phenols in the wastewater caprocess conditions such as pH, temperature, solvent ratio and
be recovered as a by-product with economic benefit. COD valuthe number of extraction stages were studied. Finally a phenol

removal process was proposed and an on-site trial-plant of 2 t/h
wastewater was set up. The results of the on-site trials showed
* Corresponding author. Tel.: +86 20 87112046. that this proposal process paved a sound pretreatment ground for
E-mail address: ceyudian@scut.edu.cn (Y. Qian). the biochemical treatment of the coal-gasification wastewater.
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Table 2
Nomenclature Constituents analysis for the extracted substances
ap specific surface area o] Constituents umber  Constituents
c concentration of volatile phenols 1 Phenol 15 Catechol
Co concentration of total phenols in original wastew- 2~ 2-Propyl phenol 16 5,4-D||methyl
pheno
ater . 3 3-Ethyl-5-methyl phenol 17 2,6-Dimethyl
cT concentration of total phenols phenol
d diameter of column 4 2-Ethyl-5-methyl phenol 18 2,5-Dimethyl
D distribution coefficient phenol
g gravity acceleration 5 o-Methyl phenol 19 3,5-Dimethyl
. . phenol
i number of extraction segment 6 m-Methyl phenol 20 2-Methy|
LR flow ratio for two pha;e hydroguinol
n number of the extraction stages 7 p-Methyl phenol 21 Isobutenyl-
0 energy quantity _ methyl ketone
R solvent to water ratio 8 Hydroquinol 22 1,2-Dimethyl
piperidine
! fcempe_rature . 9 Resorcinol 23 4-Methyl
ug intrinsic veloc[ty . resorcinol
ugf flooding velocity of disperse phase 10 2-Methyl resorcinol 24 5-Methyl
Uct flooding velocity of continuous phase resorcinol
Uuc operating velocity of continuous phase E 2‘38:23’: Ca:ecﬂo: 22 ggﬂy: pEe”O:
. -Methyl catecho -Ethyl pheno
Ve volume fIOW of Contmuous_ phase 13 2,2,6,6-Tetramethyl-4-piperidine 27 N-Methyl aniline
X concentration of phenols In the water phase 14 4-Hydroxyl-4-methyl-2-pentanone 28 a-Naphthol
XF concentration of phenols in the feed stream 15 N,N-Diformyl diaminocyclohexane 29 B-Naphthol
y concentration of phenols in the solvent phase 14 4-Amino-4-methyl-2-pentanone 30 2-Methyl-1-
naphthol
Greek letters
a boundary tension i
e voidage of packing 2.2. Experimental procedure
0c density of continuous phase . .
Ap density difference of two phase Batch extraction experiments were performed as follows.
@ diameter Mixture of the wastewater and extracting solvent at certain sol-
& flooding holdup vent ratio was placed in the thermostatic bath at the proper
temperature, violently stirred for 15 min and then left to equili-

brate for 2 h before the raffinate was separated. Concentrations
of volatile phenols and total phenols of the raffinate were then
determined as well as COD value. The solvent dissolved in the
raffinate was recovered by simple distillation until its concen-
tration was less than 50 mg/L. The pH of the wastewater was

adjusted by addition of or NaOH and monitored with a
Coal-gasification wastewater was provided from the men- Jus y " E50, ! w

. - . H meter.
tioned plant. Some relevant indices of water quality are showﬁ

in Table 1 The constituents of the phenols are especially compli- .
cated, as shown ifable 2 DIPE, butyl acetate, MIBK and TBP 2.3. Analytical methods and apparatus

(chemically pure grade, Shangl—_|a| Lingfeng Chemical Rgagents The concentration of volatile phenols was measured by a 721
Company, China) were used in the laboratory experiments,

. . - rhodel visible UV spectrophotometer at wavelength of 460 nm
Kerosene was a commercial product with boiling range from

. . in the 4-aminoantipyrine spectrometric method (EPA420.1).
1500 ZSQC' MIBK _(technlcal grade, Shell Chemical, USA) The concentration of total phenols was determined by the
was used in the on-site trials.

direct bromination method (EPA320.1). In this method, an
excessive brominating agent was added directly to the system
and it would react with the existing phenols, then the iodo-
metric method (EPA345.1) is used to measure the excessive

2. Experiment and analysis

2.1. Materials

Table 1
Some water quality indices of coal-gasification wastewater

Water quality index Original wastewater  hrominating agent that helped to calculate the total phenols.
pH 9.8 This direct bromination method was especially appropriate for
Volatile phenols (mg/L) 2750 measuring total phenols in wastewater containing non-volatile
?C’t”'lvor']at"elp*(‘e”?l'_s) (mg/L) 52;358 phenols. The determination of COD in the wastewater was
otal phenols (mg : ; ; i ati

CODey (malL) 21364 carried out by the potassium dichromate oxidation method

(EPA410.4). The constituents of the extract were analyzed by
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a GC/MS-QP2010 Model gas chromatograph/mass spectrdable 4
graph (Shimad Japan) with a 300.25 mmx 0.25um DB- Boiling points and recovery methods of the alternative solvents

5MS capillary column. The content of the solvent dissolvedsolvent Boiling point, {C) Recovery method

in the raffinate was analyzed by a GC—_6820 Model_ gas C_hmf)IPE 68 Distillation

matograph (Agilent, USA) equipped with a flame-ionization gy acetate 126 Distillation

detector and a 30 m 0.35 mmx 0.5um DB-FFAP capillary  MmiBK 116 Distillation

column. TBP 289 Reverse extraction with alkali
Kerosene 150-250 Reverse extraction with alkali

3. Selection of solvent

mance of phenol removal, apart from DIPE, is similarly good.
The poor performance of DIPE is attributed to its poor dis-
Many solvents such as benzene, tributyl phosphate and bu trl;]butmn coefficient on the non-volatile dihydric and trihydric
i enols, as reported in some resedd¢hThe results also show

acetate, etc. have been used as solvents for extraction of p & ;

. : o at using MIBK, 30%TBP-kerosene or butyl acetate, the con-
nols [5,9]. According to the extraction principles, the perfor- : .

centration of total phenols in the wastewater can be reduced

mance of a solvent is determined with its distribution coefficien
between solvent phase and water phase. The higher the dtifsrs)m 5410mg/L to around 300 mg/L after three stages of batch

tribution coefficient of an extracting solvent is, the better itsextractlon.
performance is. Therefore, the extracting solvent can be cur-
sorily selected by the distribution coefficient. Moreover, as ar:5- Solvent recovery

industrial extracting solvent, the density and other physical i ,
properties are very important, together with its cost. Shown 10 Mmake solvent recycling possible, solvent recovery has to

in Table 3are four selected solvents suitable as industriaP® Studied carefully. Normally, for phenol extraction the low-

extracting solvents and their distribution coefficients of phenof0iling point solvents can be recovered by distillation, while
e high-boiling point solvents can be reversely extracted wi
14.8.0] the high-boil t solvents can b ly extracted with

alkali. In Table 4the boiling pointd10] and the recovery meth-
ods of the four selected solvents are shown.

It is noticed fromTable 4that the boiling points of butyl
acetate (126.3C) and MIBK (115.9°C) are much lower than
that of phenol (182C). They can be easily separated with distil-
lation. The boiling point/boiling range of 30%TBP—kerosene is
289°C and 150-250C, which should be recovered by reverse
extraction with alkali rather than distillation. Phenols are Lewis

3.1. Distribution coefficient

3.2. Phenol removal

The experimental results on phenol extraction from
the coal-gasification wastewater with DIPE, butyl acetate
30%TBP—kerosene and MIBK are showrFig. 1 The perfor-

Table s . . acids whose hydrophilicity will be highly reinforced in alkali
Distribution coefficient of phenolin selected solvent (23 solutions. When the solvent rich in phenols is extracted by alkali
Solvent D solution, the phenols will reversely enter into the water phase
DIPE 36.5 in the form of phenolic salts, and the solvent may be recov-
Butyl acetate 71 ered. Between the two recovery methods, distillation is a mature
MIBK 100 technique in which the recovered solvent is purer, while reverse
30% TBP-kerosene 1719 extraction is an energy-saving method except that the recovered
solvent contains more impurities and the by-product phenols
§000 exist in the ionic state. In gas-making plants, distillation is a
widely accepted industrial separation operation. Therefore, it is
5000 o 30%TBP-Kerosene chosen for solvent recovery.
= —O— MIBK
£ 4000 - _ & Butyl Acetate 3.4. COD removal
E —e— DIPE
T 3000 | The main objective of the wastewater pretreatment is to
£ recover useful substances from the water, to reduce the COD
Ela value in the wastewater, and to relieve the biochemical treat-
a 1000 | ment as much as possible. Thus, in the selection of the solvent,
the COD value after extraction is extraordinarily important and
0 ! J l has to be concerned.

(%)

0 : _ 2 The wastewater COD values after phenol extraction and sol-
Extraction stage n vent recovery with the four solvents are presentéthinie 5 Itis
Fig. 1. Phenol removal performance with different solvents from the coal-Shown that MIBK is the best solvent among the four candidates
gasification wastewater. in reduction of the effluent's COD value.
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Table 5 800
Wastewater COB; after phenol extraction and solvent recovery
700 F
Solvent COR, (mg/L) COD¢? (mg/L)
600
DIPE 14760 5923 o
Butyl acetate 12100 4790 £ 500 |
MIBK 33420 3744 o
P
30%TBP-kerosene 4900 4900 R o
] o 0 [¢]
@ The values after extraction. = 300 © 2
b The values after extraction and solvent recovery. Tg 200
100
In accordance with the above investigation, MIBK is selected ) i ; . . :
as the extracting solvent for the phenol extraction and removal 20 30 40 50 60 70
process from the coal-gasification wastewater after overall per- Temperature t °C

formance considerations. Fig. 3. Effectoftemperature on extraction of phenols by MIBK from wastewater

(R=1:1,n=1, pH 8.0).

4. Process conditions
4.2. Temperature
pH value, temperature, solventratio and the number of extrac- ) )
tion stages are the main process conditions that affect the solvent With the interaction of hydrogen bonds between phenols and
extraction operation. In this section we investigate how thesIBK, the phenol extraction performance of MIBK is enhanced.

conditions work on the phenol extraction and removal processEXtraction at low temperature is preferred, since the interac-
tion of hydrogen bonds is much stronger at low temperature.

However, it is found from our experiments that the effect of
4.1. pH value temperature on the extraction performance of MIBK is limited
when the temperature ranges from°2bto 70°C, as shown
For the coal-gasification wastewater, pH value typically liesin Fig. 3 In consideration of industrial cooling problems, the
between 9.0 and 10.5. At such high values of pH a significangxtraction temperature is set between 40 ant&0
fraction of phenols is ionized, further discouraging extraction.
In some researdf] it has been found that at pH >8 the distribu- 4 3 s, 1vent ratio R
tion coefficient for phenol extracted with MIBK begins to drop,
and little phenol can be extracted at pH >12. The effect of pH |, the extraction process, the solvent-to-water raias

on extraction of phenols with MIBK from the coal-gasification g, important process parameter. It influences the number of
is investigated. Itis shown iRig. 2that the performance of phe- he extraction stages, the concentration of phenols in the raf-
nol removal reduces as the pH value increases. When pH >@ate and the energy consumption of solvent recovery. Gen-
the_ concentration of volatile phenols in the raffinate increasegra”y speaking, the number of the extraction stages and the
quickly. To ensure the phenol removal performance, the pH valugyncentration of phenols in the raffinate decrease as the sol-
of the wastewater should be adjusted. To cut down the operatingsnt ratio increases, while the energy consumption of solvent
cost, it is proposed that the pH value should be set between 7/gcovery increases. Thereby, to save energy the solvent ratio

and 8.5. should be reasonably small. Shown kig. 4 is the depen-
500 - 40 10 400
9
sl A .
450 —— Total Phenols 35 g —O— Energy consumption 550
o
L J - -
—— Volatile Phenols 30 '5_1. .5 7 —— Total phenols 500 7‘;:0
- 125 5 g6 450 o
& P E O
” = Z s 400 2
2 300t 420 & 2 2
g = > 4 350 2
= 250t 115 o & . 30 &
—= B 5 - =
= = = 300 2
2 2001 410 B =2 =
L - ' b 250
150 o .%
! 0 L L 1 L L 1 L 1 200
100 l; ;3 0‘ 5 0 10 19 1.8 17 16 1:5 14 1:33 120 11
pH Solvent ratio R (solvent:water)

Fig. 2. Effect of pH on extraction of phenols with MIBKed=5410 mg/L, Fig. 4. Solvent ratio on phenol removal and energy consumption of solvent
R=1:1,n=1). recovery.
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33000 The fitted extraction equilibrium equation for the wastewater
is as follows:

yi = 0.949 exp (00166x; ;1) )

28000

23000
y = 0.949xp(0.0166x) Calculating from Eqgs(1) and (2) when solvent ratio is set

at 1:4, at the first stage the concentration of phenols has been
reduced to 608 mg/L. After four-stage counter-current extraction
the total concentration of phenols in the wastewater could be
reduced from 5410 to 329 mg/L.

18000 |-

13000

8000

Phenols in solvent y mg/L

3000

5. Process development and design

-2000 L ! !
250 350 450 550 650

Phenols in wastewater x mg/L 5.1. Process development

Fig. 5. Phenol extraction equilibrium with MIBK in coal-gasification wastewa-

ter (25°C, pH 8.0). From the above experiments and analysis, MIBK is selected

as the extracting solvent for the treatment of coal-gasification
wastewater. The further study of the process conditions indi-
dence of solvent ratio on extraction effect and energy consumgsates that when the pH value between 7.5 and 8.5, temperature
tion. ranging from 40 to 60C, solvent ratio set at 1:3-1:6, the total
The two curves cross at the solvent ratio 1:4. It is shown thagoncentration of phenols in the wastewater can be reduced from
atR > 1:3, the energy consumption of solvent recovery increase8410 mg/L to around 300 mg/L, and the volatile phenols less
rapidly, and aik < 1:6, the concentration of total phenols in the than 10 mg/L after four-stage counter-current extraction. A phe-
raffinate gradually increases. To control the concentration ofol removal process from wastewater was proposed, as shown
total phenols in about 300 mg/L and save energy, the solverif Fig. 6.
ratio is best to be set at 1:3—1:6. Inthe proposal process, the extraction part consists of a static
fluid mixer and an extraction column. As described in above, the
concentration of phenols can dramatically reduce from about
4.4. Extraction stage 5000 to 600 mg/L in the first stage extraction. Here the static
) ) fluid mixer and the oil-and-water separator remove most of the
_ To determine the number of the extraction stages, the equishenols and serves as the first stage in the extraction process.
librium data for phenols distribution between MIBK and coal- The extraction column is operated in counter-current extraction.
gasification wastewater is measured. The equilibrium equatiopstjliation is used to separate phenols from the solvent. The
is fitted, as shown if¥ig. 5. recovered solvent is used circularly. And stream stripping is used
According to the multi-stage counter-current extraction ingg, recovering the solvent dissolved in the raffinate.
non-miscible system, the mass balance equation is as the fol- The details of the proposal process are described as the fol-
lowing: lowing: The coal-gasification wastewater was drawn from the
plant and its pH value was adjusted with$0, to 8.0. Together
Vig1 = 1 xi + ()’i 1 xF) (1)  Wwith the extracting solvent overflowing from the extraction col-

R R umn, the wastewater was pumped into the static fluid. Then
MIBK
] MIBK _____ {__:__:__::__:::__:"S _______ oor "10_"":
I ! ! | I |
} ! TN TN Lo YN
! | — | ' !
! 1 | 8 |
4 ] | i
1 I
! c " D F
|
| |
1 |
1 |
| |

|
!
!
|
!
|
i
Wastewater| 5 |_o B
—1 3 i

I
i__7___\,_/______|
L-9-» Phenols
6 11—

A: static fluid  B: Oil and water separator C: Extraction column
D: Solvent recovery column  E: Solvent store tank  F: Stripping column

Fig. 6. Flow diagram of the proposal phenol removal process for the coal-gasification wastewater.
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the mixture entered an oil-water separator. After separation, theble 6 _ _
wastewater stream was pumped into the extraction column argjzes and internals for main equipment

extracted with counter-current MIBK coming from the solvent Equipment Diameter (mm)  Height (m)  Internals

tank. The raffmate was then pumped into the stripping coI—StaﬁCﬂuid mixer 20 5 ~

umn for the dissolved solvent recovery and then released to th_water separator 500 2 FG-Il grid packing
biological treatment unit. The solvent phase overflowing fromextraction coumn 300 10 FG-Il grid packing
the extraction column, going through the static fluid mixer andSolventrecovery 400 12 SM-125 corrugate
the oil-water separator, was then pumped into the distillation_column plate packing

column. The recovered solvent distillated from the top of the>"PPind column 300 10 SM-125 corrugate

column was then used circularly. The separated phenols were
collected as a by-product for further refining.

plate packing

Table 7
Characteristics of the internals

5.2. On-site trial-plant design - -
Internal FG-II grid packing SM-125 corrugate

plate packing

An on-site trial-plant of 2 t/h wastewater was set up based on-
the proposed phenol removal process as showfign6. The  Diameter® (mm) 500, 300 400, 300

. . .. . . i 9
trial plant was reconstructed partly with the existing |nstaIIauon,vz'ggﬁi';(e/;l (i) ;éo ;825
while the extraction column, the solvent recovery column anqiETp m) P 1-2 0.7

the static fluid mixer was redesigned and fabricated.

Here a ® 40mmx 2m static fluid mixer and a®
500 mmx 2m oil-and-water separator were used to serve as . L.
the first stage extraction. The residence time was designed f§ Operating results of the on-site trial-plant
30 min. The solvent recovery column was reconstructed with ] ) )
the existing distillation column of 400 mm diameter. To meet  1he results of the on-site trials are presentedable 8 It
the specification of separation, the number of theoretical stage¥'owed that with the treatment of the proposed process, the
for the solvent recovery column should be over 12. It was packefoncentration of phenols in the wastewater could be reduced
with 10 m high SM-125 corrugate plate packing. The strippingfrom 5123 mg/L to around 329 mg/L, and the COD less than

column was also redesigned from an existing distillation columff000 Mg/L. With the proposed process, 99.7% of the volatile
of 300 mm diameter and 10m high. 10 theoretical distillationPhenols was eliminated, more than 93% of the total phenols was
stages were designed to recover the solvent in the raffinats®moved, and about 80% of the COD was removed from the

Data are provided by the packing manufacturer.

Thus, the packing layer of the stripping column was designed/astewater.

as 7 m high. The extraction column was 10 m high and 300mm Shown inTable 9are the data on the performance of the
in diameter, packed with 8 m high of FG-Il grid packing whose €xtraction column. The sec_ond column of des!gn values were
Height of Equivalent Theoretical Plate (HETP) was of 1-2 m. [t@lculated when the extraction column was designed at 300 mm
was expected to function of four extraction stages. The diametdf diameter and 10 m high packed with 8 m FG-Il grid packing,
was calculated as 300 mm, with the following equatiftd] while the third column shows practical effects in the trial oper-

when the wastewater was 2 t/h and the extraction solvent ratigtion- With the comparison it was found that the HETP of the
was 1:4.

Table 8
dgaAp 0.25 Comparison of water quality between original and treated wastewater
o = 0'849( /Og ) (3) Water quality index Original Treated Percent
wastewater wastewater
b = 2 @ P 9.8 7.8 -
T 3+.J/1+8 Lr Total phenols (mg/L) 5123 329 93.6
/ \olatile phenols (mg/L) 2665 8.25 99.7
2 CODc; (mg/L) 20644 4070 80.3
uct = euo(L — ¢)*(1 — 2¢x) (5) '
udf = LRuct (6) Table9
Comparison of performance for the extraction column between design and trial
uc = 0.5uc (7 operation
Performance Design value Operating value
d = 4Ve (8) Number of stages 4 3
TUg HETP (m) 1-2 2.7
ugs (M/s) 0.01608 -
- . - . . f (M/s) 0.00402 -
The detailed sizes and internals for the main equipment Omoldup @) 0.423 _

the trial-plant are shown iables 6 and .7
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Table 10 which paved a sound pretreatment ground for the biochemical
Operation cost evaluation for 13wastewater treatment treatment.
Item Consumptioh Unit price® Operation The on-site trial-plant of 2 t/h wastewater set up for industri-
(yuan) cost (yuan) alized verification was constructed with the extraction column,
HoSQy (kg/h) 05 0.6 03 theT sqlvent recovery distillatipn cplumn, the dissolvgd solvent
Solvent (kg/h) 0.35 18 6.3 stripping column, and the static fluid mixer. The operation results
Cooling water (t/h) 0.983 0.13 0.13 of the trial-plant showed that more than 93% of the phenols in
gteam' ‘232 mpa (32) 8-138 jg ;‘-33 the wastewater were recovered, which was a by-product with
Ef:;r:i'(’:it}; (kv\f’s)( ) 119 02 054 economic benefit. The operating cost of the proposed process
' ' ' was approximately compensated with economic return of the
Subtotal - - 15.10 recovered phenols.
Phenol$ (kg/h) -5.25 2.8 -14.7
Acknowledgements
Sum - - 0.4
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