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Abstract

In order to promote the reuse of scrap iron and realize the recycling of waste, ferrous sulfate was
prepared from scrap iron. The effects of sulfuric acid concentration, reaction temperature and
n(Fe):n(H:S04) on the preparation of ferrous sulfate were studied by single factor test method. In
response surface analysis, Box-Behnken test model was used to design and optimize the prepara-
tion conditions of ferrous sulfate. In the single factor test method, the optimum sulfuric acid con-
centration, reaction temperature and n(Fe):n(H2S0,) respectively were 18%, 65°C and 0.75:1. The
optimization results of response surface methodology were as follows: sulfuric acid concentration
was 18.40%, reaction temperature was 69.66°C, n (Fe):n(H.S04) was 0.7:1. The iron conversion
rate is as high as 100%, the rate of crystallization recovery in natural state is 91.29%, and the
crystal purity of ferrous sulfate is 91.72%, which meets the Class I standard of “Water Treatment
Agent Ferrous Sulfate” (GB/T 10531-2016).
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2.1.2. RERFIM R SRS

AN BRIREN. TOKEE. IRIRIR. BEIR. SEREREN. TEREN, odral; PR

B-/ AR E « =R ERAERAF); 102 g EARWBIMIREIEAA R A F); FRE.

O AE IR KB I(HH-S21-4, YZ/ B HREMES RS AR AR fEH /K E L (SHZ-DIIT, /i
TFHALBRE RFAE AT BEAFNTHEFE(DGX-9053B-2, LA K ERZEMESHIRAT): SR
“F(ME104E, #45#h - FLH 2038 ( L) A PR A F]); ELECTRIC STOVE (ART. NO. ES-1020, GAOSHENG
HARDWARE ELECTRIC APPLIANCES FACTORY).

2.2. BERIBTRALIE

FENUBOIM TAMGE AR b, 9 i A SRR AR, SR AR A R, AT
S LI 7] 5620 0 A 10%BR IR BVE W LA B RIS MR HEA TR, W, RIS 58 1K
Ve Ir e,

23. BEERRWESE

23.1. RESE

LW G, WIRAR TR E . IR . n(Fe): n(H,SOL)X il 4 A B2 WAL 52y, oA s —AR
&, EHHETE, #ERFEI100.00 mL RERERZHEEMS, Sarbrid. R EReiies s
5 E n(Fe):n(H,SOy), MR & CHAC B G ML ERE, idxE. FREFidk TGN E. W)
P 55 R R BRI AT H I A R SRR KM AR N, T R N SR i, ERRBIER . B
AR ER, SARSESEITE . FREAFEITE, BEEIE, 0345 IEA0% T R 88 1) 5
. HEBTFKEMESE, MERRMEKARE. HHER, KA Origin7.5 2| #h 4.
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GG, WUGR TR BE [ SRS | n(Fe):n(H,SO,) X il £ iR IR T2k 105, i 38 B — A5 &,
EHHE T E, AT 100.00 mL FERERZHERIES, SGbsic. R4 7R R 5 H  iE
n(Fe):n(H,S0,), AN & AL FE G MRS E, 0. REIHCF TG NIE4UR &, RIE %
FHE R BRI H B R IR 2 RIS IR, 1R NIER iR, EE RN . B A
HEZEER, SHRSGOBANITH. fFRESTEITH, WELIE, O34 a5 i 4% AR 88 R 2.
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ms—— R R B ARG A &, g,
FeSO,- TH,O—i g W 4% (FeSO,4- 7TH,0) I BE /R Jfi &, g/mol,
m— R ERERERRE, g

M—ERMBE R &, g/mol.
24. WRESHE

AICKH Design Expert 8.0 # A4 H11#] Box-Behnken {38 1T E 54!, Box-Behnke Wit 2 I —
B S gh i TE s, AT T IR RRR S & AP Z R R, ARSI RMAEEM R, FH TS
JELAE I R H A T X BRI R AL S B T [3 ] AER R rh B B 3 MoKCPIE ], 423 i & R 3
FAFEAT IR, iR IR, THRE A RSB, UGS AT B8 SRR, ARTE A A R IR

2.5. HRERP gxah B RO E

AR AU 4% CRAREET) BRIRIEER) (GB/T 10531-2016) [813#EAT I -

P TRER TG, R4, TR B AR k. FRILZY 1.0000 g iBE, FI 50 mL kIR
BUFE, BT 250 mL R, DA 10.00 mLI+1 BRERTEIN 4.00 mL1+1 BERRIA . SR ERRRET bR
RE VAR B AR 2 SR R A0 HL 30 s WRRRE . IR 0% RS

BRI B LUT R 208 o 7 B DL, HIR RT3

(V=Vy)xexM x107°

®, = x100% 3)
m

Vi 7 I Y e B P B R A S VR AR, mL,
Vo—24% F1 IR0 W A o A R B b v 2 YA VR AR AR, mL,
c——— 1 i R B A TR A8 VA VR B, mol/L,

M—R RV 4k (FeSO, TH,O) I FE /R L &, g/mol,
m——REHI &, g

3. FR511R
3.1. RARRESZE

3.1.1. FRERIR B X & TR I SRR

R E I m, SRR AR, RNAF I WREERAR, WITCTE R R IR L F, BilR
WK AR A, BRI RS AN Sl HL AR AN B R W kv . AR R N S N IR FE[9], ¥
EORERYERT, F® B IRFERE N 0%, Ftk, EFAEMMBRIKEZIE EE, SWsLK, ACEET
16%- 18%-. 20%- 22%- 24%1m BRVA FE 1EAT Bt R AR PR %o 1) 8% 1k 8 IV 2% 1) 52 el (1) 9

15 16%~24%MIBRIRIR T, BREEALRARIIE 99.54% 98.56%- 89.37%- 89.27%. 85.32%, LAk
H AR E1 G IR AT B IR Tk A, &5 TR IR 76.26% 78.35% 69.52% 76.66%- 77.46%.

M T DUREAR AT LR, 16% A0 18% Mk AL &, K/ IRk B MO AR T, Tk i
TR LT 5, AR B T B SA o BRI PSR A, TE RS FE A, 75 5 M BATT tH AR i 1 o
PR B E R S 2RI, M SR ST, R R AR . BRERIRFE A T, WS R AR k. s
WAL 236 L T A 5 A DA T S 38 0 S 9/ TR0 o [RIRE AR RRUAS [R)3AR FSE OB R VAT R BT 2 /K o A T, R PR
AR AR VT R AR G R/, ST 2% 1 R R BRI VR VA R FE AR SR Kk o b i RV T
BN R, FTLL 20%~24%K B R R 1 45 RICR A TS .
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Figure 1. Effect of sulfuric acid concentration on iron conversion rate (left) and crystallization recovery rate (right)
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LR B RIS I B AN B SRR Bt IR L Bk 2 o [ AL 7 0 485 SRR W SR R R R VR LA 18% /A N L

3.1.2. BRI F BRI Bk A0S

ARG T BB Wk A BT AR 22 1 B e N T ID A= iAS, N B AR A3 VS
MR B AR IIRE . AR SCWE T 35°C 50°C. 65°C 80°C ik E A B AR 9 I N 1 JEF ok o) 4% B I W 2k
Fap=ALTP

Table 1. Solubility and crystallization of ferrous sulfate at different temperatures [10]

= 1. FEIEE TRERT SR REE KA &Ik 10]

%/ C 0 10 30 50 56.7 60 64 70 80 90
IR g 14.0 17.0 25.0 33.0 352 353 35.6 33.0 30.5 27.0
*ﬁ’& Fﬁ'il’fzt FCSO4'7H20 FGSO4'4H20 FGSO4'H20

AN TR S5 i P55 6T 2t A 38 PR 5 T ] 2 (7)) BT, 0t 1 SR AT HH PR T Tk 485 it T UAC %6 PR s a4 24 1)
Fim. % 35°C~80°CHIMNIEIE, BRFERKIZE 75.74% 98.40%  100.00%- 99.55%, LA Lifd /& [ vi
56 H ARV I S Y BT R IR MLk AR A, &5 B RIUSCFRAK IR 32.85% 67.25%. 85.01%. 81.42%.

M 2 PAREHE AT DL Y, SR B ROIRAS TR &5 i (RIS B B i 2 () T v e s KR . 4
RONRE N 65°CRY, kB e, BFEALZFIE 100%, 455 EINCER AN 85.01%, Eb A I B i & 45 i
R . B, B R MR 65 C A A
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Figure 2. Effect of temperature on iron conversion rate (left) and crystallization recovery rate (right)
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3.1.3. n(Fe):n(H,SO )%} I F HBR T £k &Y 52

4T n(Fe):n(H,SO4) I LU BT RAE =P i & o ASCESE T 0.65:1~0.9:1 [ n(Fe):n(H,SO,) LL 1
KIRIT n(Fe):n(HySO4) % il 25 i V. 2k 1R 52 1

Al n(Fe):n(HySO )W BRI A I SE M ] 370 ), % B SR HT AR 19 IV 42k &85 o 1] WA 2% 1 52 1
K 3(4) BT s % 0.65:1~0.9:1 [1) n(Fe):n(H,S0y), ERELALFAKIKAE 100.00%- 100.00%+ 99.96%- 97.66%-
97.76%- 96.38%, LA_I n(Fe):n(H,SO, ) E [ 358 F SR ¥ A1 Ja H R AT H A IR W2k Ak, 45 S RSO3 AR IR
72.51%- 79.90%- 88.47%. 80.96%. 76.74%. 73.68%.

ME 3 T LA, n(Fe)n(H,SO,)HN 0.65:1 F1 0.7:1 ML RN 100%. n(Fe):n(H,SO4) N
0.75:1 FIREEALZR R 99.96%, FZi 100%. n(Fe)~n(sto4)7y 0.8:1~0.9:1 MR KRB T IEE . W
W 304), BB ETHE TR, £ 0.75:1 Abik 31 e s
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Figure 3. Effect of molar ratio on iron conversion rate (left) and crystallization recovery rate (right)
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3.2. MRS HTE

3.2.1. MERESKHIFFHMIL

FR 4 Design Expert 8.0 #£F 1) Box-Behnken 85645 8 & 111 A0 1] 46 B ER U 2k i 25 18« A AR ER VK
FE. RNVHREE S n(Fe):n(H,SO.) 735 M Ay By C Row, BIRAKTRARME. PE. HeEfEs -1, 0.
1 %o, 1 H SRR T B4 & R A BAE, H Y F£oR.

Y 5 R 3R SR Bt an s 42 2 s

Table 2. Box-Behnken test factor and level
%% 2. Box-Behnken i 5% & & F17k

FAKFEUE
Fl % E<¥ivs iy
-1 0 1
RV % A 16 18 20
SN T B 50 65 80
n(Fe):n(H,SOy) - C 0.7:1 0.8:1 0.9:1
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R4 Design Expert 8.0 1] Box-Behnken Wil W [HIFEAY,  #&-1X50 MG 5w R 40 F 4 3 fos.
TRIENEANE A B [ ) TR
Y =84.81+0.72xA+9.56xB—-1.65xC+2.27x AxB—-0.85x AxC+3.66xBxC
~5.71x 4* -10.22x B* +1.89x C*
Y R R (A )
A T PR VAR
B——J i ] 5
C—-mn(Fe):n(H,S04),

Table 3. Box-Behnken design test point and response value (N =17)
% 3. Box-Behnken RIE %IR58 S SR EWN = 17)

e A: TRERIRIZ (%) B: RPMIRE(C) C: n(Fe):n(H,SOy) W AR : Y 25 Sh RO (%)
1 18.00 65.00 0.8:1 81.40
2 20.00 50.00 0.8:1 55.96
3 18.00 80.00 0.7:1 85.04
4 18.00 65.00 0.8:1 87.59
5 18.00 50.00 0.9:1 60.59
6 16.00 65.00 0.9:1 82.47
7 16.00 50.00 0.8:1 58.88
8 20.00 65.00 0.9:1 82.04
9 20.00 80.00 0.8:1 83.41
10 18.00 50.00 0.7:1 77.06
11 20.00 65.00 0.7:1 81.21
12 18.00 65.00 0.8:1 87.42
13 18.00 65.00 0.8:1 85.91
14 18.00 80.00 0.9:1 83.22
15 16.00 80.00 0.8:1 7727
16 16.00 65.00 0.7:1 78.24
17 18.00 65.00 0.8:1 81.73

PRI 3R B R AT T 22 00T . 45 P E<0.05 FEm &3, AIAE S # P E<0.01 NIFZm K &
F11], ARACHRER V2K 1] % 2% R e JS2 TR 49 A 45 SR a0 55 4 B

AT F A A 8.37, P1H N 0.0053 < 0.01, XY 5 A, B, CHRIAGTEMKRANEE. HE
4 7[R, B, A5 B2 P A4 5124 0.0005, 0.0317 A1 0.0020, HEUEI/NT 0.05, FWHEHEE. H,
B 5 B’ {1 P {53/ T 0.01, REAWINEE. MR 4 508, RV P {4 0.1280 > 0.05, WA G
F. PERZE RN 09150, RUIZBAEHORB . Rzt &3, 2 rTH.
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Table 4. Response surface analysis results

4. WREDIRER

K Rl H A ¥ E Fd PE TR
Rt 1442.58 9 160.29 8.37 0.0053 W%
A-BRERIR 4.15 1 4.15 0.22 0.6558
B- & BLih BE 730.58 1 730.58 38.14 0.0005 &TES
C-n(Fe):n(H,SO,) 21.88 1 21.88 1.14 0.3206
AB 20.52 1 20.52 1.07 0.3351
AC 2.89 1 2.89 0.15 0.7092
BC 53.66 1 53.66 2.80 0.1381
A’ 137.22 1 137.22 7.16 0.0317
B’ 439.89 1 439.89 22.97 0.0020 i S5 3%
c? 15.02 1 15.02 0.78 0.4052
B2 134.07 7 19.15 - -
J A I 97.20 3 32.40 3.52 0.1280 NTES
iRz 36.86 4 9.22 - -
B 1576.65 16 - - -
R? 0.9150

N T I MRALZAR A IS RBOR, A E SRS WA ERER KR, FHEMNRZEIES
AGEL WA 4 Fros. B 4 TR, R IES AR EAE E L b, WA RZE A
IIARAE[-2,2] X [E] Y, AR AR AL [-3,3] X R Y, IX o A E AR ZE IR N(0, 1) IE S0 A1 o BRIEZ A1,
el s WE 5 SEPRE B R, & REA B A e BAR S L KB Bdfa £E[80,90] X T8 A -
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Figure 4. Residual normal distribution map
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Figure 5. Predicted value and actual value map

5. FUNM{E S SKPMERE

ZEA UL BT, SR SEBRAIAT, ] LR T ARSI A

i R AR 55 5 e I %o 45 s IR AL 28 A8 T s i i JS2 D LG R ] o(7e) s, AR s 2R B 1] 6 () T
No HIRMNIRIE—E, BBRIKIEN 16%~20%H0], 45 it (]S [ At B VA 1 8 K S8 1S K Js k), T R AR
FEAE 18.40% /e 47 4 i IR e K e MR BRIKFE — €, [RMHRBEN 50°C~80°CHY, R FE (1 i A T
Pem IR WAk B SRR R4 dn i, (A SRS Ry, 4 dn BRI 22 N %, 78 70°C A 4h f
I ESIECSS PN

TR B 5 n(Fe):n(H,SO,4) % 45 i RIS 3 A8 FLFZ MR i B2 [T 40 1 & 7(70) o, A 2R~ & 7(47)
FiRe 24 n(Fe)n(H,SO4) €, BRERIKIE N 16%~20%FF, 45 & 51U 38 B B R A< 13 K S 188 K5 ik
YEERIKEE— €, n(Fe)n(H,SO4)H 0.7:1~0.9:1 Bf, 25 FEIEFE n(Fe):n(H,SO,) 34 K 2k 230 T FfE
#.

SRR FE 5 n(Fe):n(HaSO4) % 45 i[RI e 2822 H g e i 2 T 1] 8(7 ), A w2k B~ 14 8 (1)
FiR o 24 n(Fe)n(H,S04,)— &, RIVEHR 50°C~80°C T, B S N FE I F iy, 45 df R R S 19 K JE k)
M NIRE—E, n(Fe)n(HyS04) A 0.7:1~0.9:1 I, n(Fe):n(H,SO,) 5 55 ik A .50 o

45 i E R

# 68.00
= E
= 2 s200
& w ez
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800
_ 50.00
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Figure 6. Interaction of sulfuric acid concentration and reaction temperature on crystallization recovery rate response surface
map (left) and contour map (right)
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Figure 7. Interaction of sulfuric acid concentration and n(Fe):n(H,SO,) on crystallization recovery rate response surface map

(left) and contour map (right)
7. BRERIRE 5 n(Fe):n(H,SO4) X 45 & B 2R 32 B 20 e 2 H Bl () R F = 4 B ()

25 Il e
C:n(8k):n(BiAR)

50.00 56.00 62.00 68.00 74.00 80.00
B: R IR E

Figure 8. Interaction of reaction temperature and n(Fe):n(H,SO,) on crystallization recovery rate response surface diagram
(left) and contour diagram (right)

& 8. &IIRE S n(Fe):n(H,SO4)XT4E & [E U ER 22 B #2Nam R E B () R Fm %k Bl (R)

81T Design Expert 8.0 XHZBLAHEATARAL , 15 BIRALLE F - TRERIKFE R 18.40%, R MIRE A 69.66°C,
n(Fe):n(H,SO,) N 0.7:10 AT, 45 FISCR TIUNE A 89.42%.

3.2.2. {RERYIEAE

N T BAEAR TR (AT AT M R AT AR 2 SR T SR R A, AR SO 24 AT TR A A A . SR
R B AR S A ] A TR ER K, FF AT 4 AP AT R B AR AL 2R 50 100%, 45 i BT W02 73 1) 91.28%
89.69%. 91.05%, 93.16%, “VIMEHA 91.29%, LLTMIME 89.42%1m, (HETMMEAZAK, K FIME
SR E AR R, S Tl A & R ER Wk — & I sE AN

3.3. MERIL $kahi B

TR Bk Al FE AR T R R . CORALERF AR IR L) (GB/T 10531-2016) [8]H#lE | iR
WEBRAE AR AL BRSSP R . BRI N & 5.

Table 5. Purity requirements of ferrous sulfate [8]
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